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PREFACE
f h i s  w ork was c a r r i e d  o u t  a t  th e  U n iv e r s i ty  o f  
G lasgow  d u r in g  th e  s e s s i o n s  1951-1954# Some o f  
th e  r e s u l t s  h a v e  b een  p u b l is h e d  and c o p ie s  o f  r e p r i n t s  
o f  t h e s e  p a p e r s  a r e  ad d ed  a s  a  su p p le m e n t to  t h i s  
t h e s i s #  ( f r a n s .  F a ra d a y  S o c . 4 9 « 1 8 4 , 1953 and 
J* Chem. S o c . 2 1 2 2 , 1 9 5 4 ) .
I  w ou ld  l i k e  to  e x p r e s s  ray th a n k s  to  my s u p e r v i s o r  
Dr hoiraian G r a s s ie  f o r  h i s  c o n s t a n t  h e lp  and e n c o u ra g e ­
m en t and to  th e  D e p a rtm en t o f  S c i e n t i f i c  and I n d u s t r i a l  
K e se a rc h  f o r  th e  aw ard  o f  a  m a in te n a n c e  g r a n t .  I  
w ould a l s o  l i k e  to  th a n k  th e  U n iv e r s i ty  o f  G lasgow  
f o r  th e  a p p a r a tu s  and f a c i l i t i e s  a v a i l a b l e  and P r o f e s s o r  
J .M . K o b e r ts o n  and th e  s t a f f  o f  t h e  d e p a r tm e n t  f o r  
t h e i r  g e n e r a l  i n t e r e s t .
2C h a p te r  1-
G e n e ra l I n t r o d u c t i o n
A lm ost s in c e  t h e  co m m erc ia l i n t r o d u c t i o n  o f  
s y n t h e t i c  h ig £  p o ly m e rs  t h e r e  h a s  n a t u r a l l y  been  
c o n s id e r a b le  i n t e r e s t  i n  t h e i r  s t a b i l i t y  and  i n  t h e i r  
g e n e r a l  d e g r a d a t io n  p r o p e r t i e s .  How t h a t  th e  
p o ly m e r iz a t io n  p r o c e s s  i s  w e l l  u n d e rs to o d  and  th e  
s t r u c t u r e  o f  t h e  r e s u l t i n g  p o ly m e rs  a p p r e c i a t e d  i n  a  
f a i r l y  d e t a i l e d  way i t  h a s  becom e p r o f i t a b l e  to  p ro c e e d  
to  a fu n d a m e n ta l  i n v e s t i g a t i o n  o f  some o f  t h e i r  
d e g r a d a t io n  r e a c t i o n s .  From a  p u r e ly  acad em ic  p o in t  
o f  v iew  th e s e  i n v e s t i g a t i o n s  h av e  been  o f  i n t e r e s t  
b e c a u s e  o f  th e  c h e m is tr y  o f  th e  p r o c e s s e s  in v o lv e d  and 
a l s o  b e c a u s e  d e g r a d a t io n  r e s u l t s  have  been  u se d  to  g iv e  
in f o r m a t io n  a b o u t th e  s t r u c t u r e  o f  th e  p o ly m e r m o le c u le s*  
from  w h ich  c o n c lu s io n s  can  i n  t u r n  be draw n a b o u t  th e  
p o ly m e r iz a t io n  p r o c e s s  i t s e l f .
Two g e n e r a l  ty p e s  o f  th e rm a l  d e g r a d a t io n  r e a c t i o n  h av e  
b e e n  r e p o r t e d .  F i r s t l y , t h e r e  i s  th e  ty p e  i n  w h ich  th e  
v o l a t i l e  m a t e r i a l  e v o lv e d  i s  more o r  l e s s  m onom er, 
t o g e t h e r  w ith  d im e r , t r i m e r  and o t h e r  low  p o ly m e r ic  
m a t e r i a l .  'o ly th e n e ,  f o r  e x am p le , g iv e s  a  sm a ll
3p e r c e n ta g e  o f  e th y l e n e  (X ). P o ly s ty r e n e  g iv e s  
a p p ro x im a te ly  s ty r e n e  (1 1 ^ I I I f IV .V ) and  p o ly m e th y l­
m e th a c r y l a t e  g iv e s  m nom er i n  q u a n t i a i i v e  y i e l d  (V I)* 
S e c o n d ly . t h e r e ~ i s  th e  ty p e  o f  r e a c t i o n  w h ich  o c c u rs  i n  
th e  c a s e  o f  p o ly v in y l  a c e t a t e  and p o ly v in y l  c h lo r id e  
w here  a c e t i c  a c id  and h y d ro g e n  c h lo r i d e  r e s p e c t i v e l y  
a r e  p ro d u c e d  ( V I I ,  V I I I ,  IX , X) l e a v i n g  a  c o n ju g a te d  
p o l y - a c e t y l e M c  c h a in .
X H X H X
CHp — C — C - C - G - C -  — » HX + -  OH »  CH -  CH *  C
I 1 I t I
H H X H H
The k i n e t i c s  o f  t h e  above type©  o f  r e a c t i o n  h a v e  b e en  
w orked o u t  and t h e  m echanism  d e f in e d .
The d e p o ly m e r iz a t io n  r e a c t i o n  o f  p o ly m e th y l­
m e th a c r y la t e  c o n s i s t s  o f  r a d i c a l  f o rm a t io n  a t  th e  c h a in  
e n d s ,f o l lo w e d  by th e  u n r a v e l l i n g  o f  th e  c h a in  by a  
r e v e r s e  p o ly m e r iz a t io n  m echan ism . In  t h i s  w o rk ,(V I)  
i t  w as c l e a r l y  shown t h a t  t h e r e  e x i s t e d  i n  a  b e n z o y l 
p e ro x id e  c a t a ly z e d  p o l3n aer two d i s t i n c t  ty p e s  o f  m o le c u le  
h a v in g  d i f f e r e n t  r a t e s  o f  d e g r a d a t io n .  T h ese  two ty p e s  
o f  m o le c u le  w ere  shown to  be p r e s e n t  i n  e q u a l  am ounts
4a n d * s in c e  th e  u n r a v e l l i n g  p r o c e s s  m u st be  th e  same f o r  
a l l  m o l e c u l e s , i t  w as p o s t u l a t e d  t h a t  t h e s e  two s p e c ie s  
w ere  th e  ty p e s  c o n ta in i n g  r e s p e c t i v e l y  th e  s a t u r a t e d  
and u n s a t u r a t e d  e n d s  w h ich  a r e  p ro d u ce d  when th e  g row th  
o f  two p o ly m er r a d i c a l s  i s  t e r m in a te d  by  d i s p r o p o r t i o n a t i o n .  
F o r  exam ple  su c h  a  r e a c t i o n  i n  m e th y l m e th a c r y la t e  i s  
r e p r e s e n t e d  a s  f o l lo w s  -
COOMe CGOMe COOMe CGOMe
i i  i i
8  -  CH, -  C -  CH, -  C. + 8  -  CH, -  0 -  OH, -  0 .
I I I I
OH, Me Me Me
COOMe GOOMe
t I
R CEL 0 -  OH »  C
i !CH2 Me
The i m p l i c a t i o n s  o f  t h i s  s u g g e s t io n  w ere  n o t  f u l l y  
d i s c u s s e d  i n  th e  o r i g i n a l  p a p e r s  b e c a u s e  th e  e x p e r im e n ta l  
d a t a  c o u ld  p ro v id e  no f u r t h e r  in f o r m a t io n  and  th e  f i r s t  
p a r t  o f  th e  p r e s e n t  w ork, w hich  i s  c o n ta in e d  i n  c h a p te r  
t h r e e  o f  t h i s  t h e s i s ,  a im ed  a t  p ro v in g  o r  d i s p r o v in g  t h i s  
th e o r y  and  a l s o  a t  d e c id in g  w hich  ty p e  o f  m o le c u le  was 
b r e a k in g  down a t  th e  f a s t e r  r a t e .  I’h i s  c o u ld  be  done
COOMe COOMe
I I
— y R -  C ~ 0Uo m CH +
I d I
CH- Me
by u s i n g  p o ly m e rs  t r a n s f e r r e d  w ith  b e n z e n e  so t h a t  th e  
p r o p o r t i o n  o f  e a c h  ty p e  o f  end i s  c h an g ed  from  th e  
o r i g i n a l  5 0 $ . Such d a t a  w ould  a l s o  be a  f i n a l  ch eck  
on  th e  p o s t u l a t e d  t e r m in a t io n  and t r a n s f e r  r e a c t i o n s  
w h ich  h a v e  b e e n  i n  d i s p u t e  among p o ly m e r c h e m is ts .
I n  a d d i t i o n  to  th e  p o ly m e rs  m e n tio n e d  a b o v e ,w h ic h  
g iv e  h ig h  y i e l d s  o f  m o n o m e r ,it  h a s  b e en  r e p o r t e d  (X I) 
t h a t  p o l y m e t h a c r y l o - n i t r i l e  gave  80$  monomer when h e a te d  
a t  250°C . From t h i s  f a c t , a n d  a l s o  b e c a u s e  th e  s t r u c t u r e  
o f  t h i s  p o ly m e r , (w h ich  c o n ta in s  a  CU g ro u p  i n s t e a d  o f  a  
COOMe) i s  s i m i l a r  to  p o ly m e th y l m e t h a c r y l a t e ^ i t  m ig h t be 
e x p e c te d  t h a t  th e  d e g r a d a t io n  c h a r a c t e r i s t i c s  o f  t h e s e  
two p o ly m e rs  a r e  c l o s e l y  r e l a t e d  and i n  an i n v e s t i g a t i o n  
th e  same s t a n d a r d  t e c h n iq u e s  and  m e th o d s  m ig h t a p p ly .
I t  w as h o w ev er n o te d  t h a t  no d e t a i l s  o f  th e  p o ly m e r iz a t io n  
p r o c e s s  w e re  a v a i l a b l e  i n  th e  l i t e r a t u r e .  The w ork w hich  
i s  r e p o r t e d  i n  c h a p te r  5 o f  t h i s  t h e s i s  aim ed a t  t h e  
m easu rem en t o f  th e  k i n e t i c  c o n s t a n t s  o f  th e  v a r io u s  s t e p s  
o f  t h i s  p o ly m e r iz a t io n  p r o c e s s .  Such d a t a  w ould  p r o v id e  
in f o r m a t io n  a b o u t  th e  s t r u c t u r e  o f  t h e  p o ly m er and  
p a r t i c u l a r l y  th e  n a t u r e  and  p r o p e r t i e s  o f  th e  c h a in  en d s 
fo rm ed  by t e r m in a t io n  and t r a n s f e r  w h ich  h a s  b e e n  shown 
to  b e  o f suprem e im p o r ta n c e  when th e  d e g r a d a t io n  r e a c t i o n
o f  m e th y l m e t h a c r y l a t e  was c o n s id e r e d .
I n  th e  m easu rem en t o f  th e  r a t e  c o n s t a n t s  m e n tio n e d  
ab o v e  i t  i s  n e c e s s a r y  to  b e  a b le  to  o b t a i n  r e l i a b l e  
m e a su re m e n ts  o f  num ber a v e ra g e  m o le c u la r  w e ig h ts .  T hese  
c an  b e  m o st r e a d i l y  o b ta in e d  from  o s m o tic  p r e s s u r e  
m e a su re m e n ts . From th e  l i t e r a t u r e  and by t r i a l  i t  was 
d i s c o v e r e d  t h a t  th e  num ber o f  s o l v e n t s ,  e s p e c i a l l y  
s o l v e n t s  w h ich  c o u ld  be s u c c e s s f u l l y  u s e d  i n  osm om etry , 
w as e x tr e m e ly  l i m i t e d ,  h e n c e  i t  w as d e s i r a b l e  t h a t  some 
e x p e r im e n ts  s h o u ld  be c a r r i e d  o u t  i n  o r d e r  to  d i s c o v e r  
w h ic h  s o l v e n t  w ould  b e  m o st s u i t a b l e  f o r  su c h  d e te r m in a t io n s .  
The w ork  w hich  i s  c o n ta in e d  i n  c h a p te r  f o u r  a im ed  a t  
sh o w in g  u n d e r  w h ic h  c o n d i t i o n s  r e l i a b l e  o s m o tic  m easu rem en ts  
c o u ld  b e  m ade. The r e s u l t s  made a v a i l a b l e  by  t h i s  w ork 
w ere  u s e d  i n  th e  i n v e s t i g a t i o n  o f  b o th  th e  p o ly m e r iz a t io n  
and  th e  d e g r a d a t io n  r e a c t i o n .
D u rin g  th e  c o u rs e  o f  t h i s  p h a se  o f  t h e  w ork ,som e 
i n t e r e s t i n g  a n o m a lie s  w ere  fo u n d  i n  th e  o s m o tic  b e h a v io u r  
o f  th e  p o ly m er and t h e s e  a r e  d i s c u s s e d  i n  a  q u a l i t a t i v e  
way i n  th e  above  c h a p t e r .
When th e  ab o v e  in f o r m a t io n  was s u c c e s s f u l l y  o b ta in e d  
th e  w ork p ro c e e d e d  to  an  i n v e s t i g a t i o n  o f  th e  th e rm a l 
d e g r a d a t io n  r e a c t i o n  i t s e l f  and  p r e l im in a r y  r e s u l t s  a r e  
d i s c u s s e d  i n  t h e  l a s t  c h a p te r  o f  th e  t h e s i s .
C h a p te r  I I
g e n e r a l  E x p e r im e n ta l  T e c h n iq u e s  and M ethods .
I n  t h i s  w ork  i t  was n e c e s s a r y  to  c o n s t r u c t  and
%
a d a p t  a p p a r a tu s  f o r  th e  p a r t i c u l a r  p ro b lem  i n  h an d  and 
i t  i s  c o n v e n ie n t  t h a t  th e  g e n e r a l  t e c h n iq u e s  and  
e x p e r im e n ta l  m ethod  u s e d  s h o u ld  b e  r e p o r t e d  a t  t h i s  
s t a g e .
M o le c u la r  S t i l l *
The a p p a r a tu s  u s e d  f o r  d e g r a d a t io n  e x p e r im e n ts  was 
t h e  dynam ic  m o le c u la r  s t i l l  f i r s t  d e s c r ib e d  by  G ra s s ie  
and  M e l v i l l e  (V I), and  l a t e r  m o d if ie d  by Cowley and 
M e lv i l l e  (X II)#  I t  c o n s i s t s  e s s e n t i a l l y  o f  a  g l a s s  
e n v e lo p e  w h ich  can  b e  e v a c u a te d ,  u s in g  a  m e rc u ry  v a p o u r  
and  an  o i l  pump, to  a  p r e s s u r e  o f  10~^ mms Hg. U nder 
t h e s e  low  p r e s s u r e  c o n d i t i o n s  th e  p o s s i b i l i t y  o f  
o x i d a t i o n  r e a c t i o n s  t a k in g  p la c e  i s  e l i m in a te d ,w h i l e  th e  
p r o d u c t s  o f  t h e  r e a c t i o n  a r e  rem oved  r a p i d l y  and e f f e c t i v e l y  
so  t h a t  no c o m p lic a te d  s i d e  r e a c t i o n s  may ta k e  p l a c e .
A t th e  same tim e  v e ry  s m a ll  r a t e s  o f  r e a c t i o n  c an  be 
m e a su re d  th ro u g h  th e  m in u te  p r e s s u r e  c h a n g e s  w h ich  o c c u r  
i n  t h e  s t i l l .
.*" G-lass Work and C i r c u i t  o f  D epredation  *
A pparatus
m a i n s
t r e s i s t a n c e  
t h e r m  o m e t e
The d e g r a d a t io n s  w ere  c a r r i e d  o u t  i n  a  c o p p e r  
t r a y ^ f i t t e d  w i th  th e rm o -c o u p le  l e a d s fw h ic h  c o u ld  be 
sc re w e d  to  a n  e l e c t r i c a l l y  h e a te d  c o p p e r  b lo c k *
The te m p e r a tu r e  w as c o n t r o l l e d  by  m eans o f  a  ’ su n v ie *  
t e m p e r a tu r e  r e s i s t a n c e  c o n t r o l l e r ,  ty p e  R T * lo u s in g  a  
p la t in u m  r e s i s t a n c e  th e rm o m e te r  o f  10 ohms* D iagram s 
o f  t h e  g e n e r a l  s t r u c t u r e  o f  th e  s t i l l  and  o f  th e  h e a t i n g  
b lo c k  a r e  shown i n  F ig*  i*  The w i r e s  c o n n e c t in g  th e  
c o n t r o l l e r ,  h e a t e r ,  and th e rm o -c o u p le  to  t h e  a p p r o p r i a t e  
in s t r u m e n t s  w e re  s e a le d  th ro u g h  th e  g l a s s  o f  th e  
a p p a r a tu s  by m eans o f  b o r a te d  c o p p e r  w ire*
I n  p r e v io u s  work i t  h a s  b e e n  shown t h a t  th e  even  
h e a t i n g  r e q u i r e d  f o r  a c c u r a t e  k i n e t i c  m ea su re m e n ts  i s  
d i f f i c u l t  to  o b ta in *  T h is  d i f f i c u l t y  i s  o b v ia te d  
by  th e  u s e  o f  a  c o v e r in g  o f  m e t a l l i c  p o w d er, i n  t h i s  
c a s e  copper*  The c o p p e r  pow der was p r e p a r e d  by th e  
r e d u c t io n  o f  c o p p e r  o x id e  i n  a  c u r r e n t  o f  c o a l  gas*
I n  some e x p e r im e n ts^ w h ic h  w i l l  be d i s c u s s e d  l a t e r ^ t h e  
u s e  o f  c o p p e r  i s  im p r a c t i c a b le  b u t  i n  t h e s e  c a s e s ,  a t  
t h e  te m p e ra tu re  u s e d ,  th e  p o ly m er was i n  th e  form  o f  a  
m o b ile  l i q u i d  a n d  h e n c e  r e a s o n a b le  u n i f o r m i ty  i n  h e a t i n g  
m ig h t  b e  e x p e c te d *  D u rin g  m o st o f  th e  r u n s ,  how ever 
c o p p e r  was u s e d  i f  p o s s ib le *
9As t h e  monomer o r  v o l a t i l e  m a t e r i a l  d i f f u s e d  to  
t h e  l i q u i d  a i r  t r a p  ( I  i n  F ig .  I )  a  s m a ll  p r e s s u r e  i s  
s e t  up  i n s i d e  th e  s t i l l  w h ic h , in  th e  c a s e  o f  th e  
p r o d u c t io n  o f  a  s i n g l e  p r o d u c t , a s  f o r  p o ly  m e th y l 
m e th a c r y l a t e  and p o ly  v i n y l  a c e t a t e , h a s  b e e n  show n, a t  
lo w  p r e s s u r e s  su c h  t h a t  t h e r e  i s  f r e e  d i f f u s i o n  from  th e  
h o t  s u r f a c e  to  t h e  l i q u i d  a i r  t r a p ,  to  be  p r o p o r t i o n a l  
to  t h e  r a t e  o f  p r o d u c t io n  o f  v o l a t i l e s *  T h is  p r e s s u r e  
i s  m e a su re d  u s in g  a  p i r a n i  g au g e  and t h e  r a t e  i s  g iv e n  
by  th e  e x p r e s s io n -
W here V i s  th e  v o l t a g e  a c r o s s  th e  p i r a n i  b r id g e  a t  
t h e  r a t e  b e in g  c o n s id e r e d ,  and Vo i s  th e  v o l t a g e  a t  
s e r o  r a t e .
The volum e o f  t h e  p r o d u c ts  w as d e te rm in e d  by th e  
d i s t i l l a t i o n  o f  t h e s e  i n to  a  c a l i b r a t e d  c a p i l l a r y  tu b e  
( 2 ,  i n  F ig .  I )  f ro m ^ th e  l a r g e  l i q u i d  a i r  t r a p ( i ) w h e r e  
th e y  h ad  c o l l e c t e d  d u r in g  th e  c o u rs e  o f  th e  r e a c t i o n .  
The v a p o u r  p r e s s u r e  o f  th e  p r o d u c ts ,w h ic h  was som etim es 
o f  u s e  i n  i d e n t i f i c a t i o n , w a s  fo u n d  by  d i s t i l l i n g  them  
i n t o  a n o th e r  tu b e  f i t t e d  w ith  a  m an o m ete r. (3*)
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P r e p a r a t i o n  o f  P o ly m e rs .
She P o ly m e rs  u s e d  w ere  p r e p a r e d  i n  v aeu o  u s in g  9 
i n  g e n e r a l ?b e n z o y l  p e ro x id e  a s  c a t a l y s t #  The c a t a l y s t  
w as p u r i f i e d  by  d i s s o l v i n g  th e  c ru d e  m a t e r i a l  i n  
c h lo ro fo rm , re m o v in g  th e  w a te r  la y e r* a n d  p r e c i p i t a t i n g  
by  p o u r in g  i n t o  a  l a r g e  e x c e s s  o f  m e th y l a l c o h o l .  I t  
.w as th e n  f i l t e r e d  and d r i e d  a t  th e  pump and  s to r e d  i n  a  
d e s s i c c a t o r .  When a  b e n z o y l  p e ro x id e  c a t a ly z e d  p o ly m er 
w as b e in g  p r e p a r e d  i t  w as c o n v e n ie n t  to  in t r o d u c e  th e  
c a t a l y s t  i n t o  th e  r e a c t i o n  tu b e  a s  a  s t a n d a r d  s o l u t i o n  
i n  b en zen e#  f h e  b e n z e n e  w as th e n  rem oved a t  th e  w a te r  
pump l e a v i n g  b e h in d  th e  s o l i d  c a t a l y s t #
The m onom eric  m a t e r i a l  u s e d  f o r  p o ly m e r iz ^ t io n ^ r a te  
m e a su re m e n ts? o r  f o r  th e  p r e p a r a t i o n  o f  e x p e r im e n ta l  
p o ly m e r ic  sa m p le s  was d e g a s s e d  t h r e e  t im e s  on  a  vacuum 
l i n e  u s in g  l i q u i d  a i r  & d i s t i l l e d  tw ic e  i n  vacuo  b e f o r e  
b e in g  s e a le d  o f f  i n  t h e  r e a c t i o n  tu b e  u n d e r  vacuum .
When r a t e  m ea su re m e n ts  w ere  r e q u i r e d  th e  p o ly m e r iz a t io n s  
w e re  c a r r i e d  o u t  d i i a t o m e t r i e a l l y  i n  an  e l e c t r o n i c a l l y  
c o n t r o l l e d  th e rm o s ta t#  The ty p e  o f  r e a c t i o n  tu b e  u se d  
i n  t h e s e  e x p e r im e n ts  i s  shown i n  P ig# 3* T y p ic a l  
d im e n s io n s  a r e  g iv en *  The th e r m o s ta t  ta n k  h ad  a  
c a p a c i ty  o f  tw e n ty  l i t r e s  and  th e  te m p e r a tu re  w as
Fig# 2.- The Osmometer.
f i g . 3
4c.*s -r2
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c o n t r o l l e d  t o  -  0*10°«
When h u lk  p o ly m e rs  w ere  p r e p a r e d  p o ly m e r i s a t i o n  
w as c a r r i e d  o u t  to  15#  c o n v e r s io n  s i n c e  a t  h i g h e r  
c o n v e r s io n s  G ross  l i n k i n g ,  c h a in  b r a n c h in g  and o t h e r  
s i d e  e f f e c t s  may becom e im p o r ta n t*  In  a l l  c a s e s  
w here  t h e  p o ly m e r w as i s o l a t e d  th e  m onom er-po lym er 
m ix tu r e  w as d i s s o l v e d  i n  a c e to n e  and  p o u re d  i n t o  a  
l a r g e  e x c s s s  o f  m e th y l a l c o h o l * The p o ly m e rs  w ere  
d r i e d  i n  a i r  f o r  tw e n ty  f o u r  h o u r s  and  th e n  i n  a n  oven  
a t  8 0 ° C.
M easu rem en t o f  M o le c u la r  W eig h ts
The m o le c u la r  w e ig h ts  w ere  m ea su re d  on  th e  m o d if ie d  
F u o ss  Mead O sm om eter d e s c r ib e d  by  M asson and  M e lv i l l e  
(XXIX)* A B a c t e r i a l  C e l l u l o s e  m em brance w as used*  The 
s o l v e n t s  w ere  d r i e d  u s in g  c a lc iu m  c h lo r i d e  and  p u r i f i e d  
by  d i s t i l l a t i o n  th ro u g h  a  s p i r a l  column* The osm om eter 
w as f i t t e d  w i th  a  w a te r  j a c k e t  th ro u g h  w h ich  w a te r  from  
a n  a c c u r a t e l y  c o n t r o l l e d  th e r m o s ta t  was c i r c u l a t e d  
( i  *1C°)* The te m p e r a tu re  w as r e c o r d e d  on  a  th e rm o m e te r  
p la c e d  i n  a  s o c k e t  i n  th e  body  o f  th e  osm om eter* Ho 
te m p e r a tu re  d r i f t  was o b se rv e d *  The osm om eter and  th e  
th e r m o s ta t  w ere  h o u se d  i n  a  t h e r m o s t a t i c a l l y  c o n t r o l l e d  
room  s e t  a  few  d e g re e s  b e lo w  th e  n o rm al w o rk in g
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te m p e r a tu r e  o f  t h e  osm om eter (Room te m p e r a tu re  ** 1 9 ° 0 . 
O sm om eter t e m p e r a tu r e s  20°0  -  3 0 °C ).
She c o n c e n t r a t i o n s  w ere fo u n d  f o r  t h e  v o l a t i l e  
s o l v e n t s  by  e v a p o r a t io n  o f  a  w e ig h ed  q u a n t i t y  o f  s o l u t i o n ,  
from  th e  © e ll  f a c e  o f  th e  o sm o m ete r, to  d r y n e s s  and 
w e ig h in g  th e  r e s u l t i n g  po lym er*  When l e s s  v o l a t i l e  
s o l v e n t s  w ere  u s e d ,  s o l u t i o n s  w ere  p r e p a r e d  d i r e c t l y  by 
w e ig h t*
I n  t h e  o p e r a t i o n  o f  th e  osm om eter th e  g e n e r a l  
t e c h n iq u e s  o f  M asson and  M e l v i l l e  w ere  fo u n d  to  be  
s a t i s f a c t o r y *  The two s i d e s  o f  t h e  osm om eter w ere  
w ashed  s i x  t im e s  w i th  s o l v e n t  and  s o l u t i o n  r e s p e c t iv e ly *  
The o sm om eter was th e n  f i l l e d  w i th  th e  sam p le  o f  
s o l u t i o n  and f r e s h  s o lv e n t*  The v a lv e  on  th e  s o lv e n t  
s i d e  was th e n  c lo s e d  and th e  e q u i l ib r iu m  p r e s s u r e  
a l lo w e d  to  d e v e lo p *  When th e  f i n a l  r e a d i n g  h ad  b een  
ta k e n  th e  osm om eter w as a g a in  w ashed on  e i t h e r  s id e  s i x  
t im e s  w i th  f r e s h  s o l v e n t ,  f i l l e d  w ith  s o lv e n t ,a n d  
a llo w e d  to  s e t t l e  o v e r - n ig h t*  C o n s ta n t  c h ec k  waa k e p t  
on  t h e  v a lu e  o f  th e  c e l l  c o n s t a n t  w h ich  w as u s u a l l y  i n  
th e  r e g io n  o f  0*01 cms s o lv e n t*  A p h o to g ra p h  o f  th e
in s t r u m e n t  i s  shown i n  F ig*  3*
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P h o to c h e m ic a l  T e c h n iq u e s  *
F o r p h o to c h e m ic a l  ex p e rim en t®  th e  s o u rc e  o f  l i g h t  
w as an  Osram M ercu ry  V apour lam p (125W)* from  w h ich  th e  
j a c k e t  h a d  b e en  rem oved . The th e r m o s ta t  i n  th e s e  
i n s t a n c e s  aa s  f i t t e d  w ith  a  s i l i c a  window* S in c e  i t  
w as d e s i r a b l e  i n  many c a s e s  to  i n v e s t i g a t e  th e  e f f e c t  
o f  l i g h t  i n t e n s i t y  on v a r i o u s  r e a c t i o n s ^ s e v e r a l  
s t a n d a r d  s c r e e n s  w ere  u s e d ,w h ic h  w ere c a l i b r a t e d  on a  
u r a n y l  o x a l a t e  a c t in o m e te r  (X IV , XV, XVI)* T h is  
p ro c e d u r e  can  be u s e d  r e p r o d u c ib ly  when th e  wave 
l e n g t h  o f  l i g h t  u s e d  i s  n o t  l e s s  th a n  2,500A * The 
t r a n s m i s s io n  o f  th e  Osram Lamp i s  g iv e n  b e lo w  i n  
T a b le  I*
T a b le  I .
T ra n s m is s io n  $  Osram Lamp (125W #).
Hg l i n e • A p p ro x im ate % T ra n s m is s io n
Aa R e la t i v e  e n e rg y . op G lo ss  j a c k e t  •
5 7 9 0 /5 7 7 0 75 g r e a t e r  th a n  95
5461 65 * « 95
4558 50 « «* 95
4 0 7 8 /4 7 30 *t « 95
3 6 6 3 /5 0 1 0 0 *» »» 9 0
3342 8 60
3 1 3 2 /2 6 TO 5
3022 30 1
2967 2 0 0 . 2
2897 8 •
2804 13 ~
2 7 6 0 4 m
2699 5 -
2652 2 0 -
2 6 5 0 50 mm
The p r i n c i p l e  o f  th e  U ra n y l o x a l a t e  a c t in o m e te r  









ffig* 4 ,  ~  C a l i b r a t i o n  C urve  f o r  S c r e e n s ^
■* -  -  i— ________
I N T E N S I T Y .
t_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ — —
15
th e  d e c o m p o s i t io n  o f  o x a l a t e  io n  i n t o  C0f C0g an d  
HCG0H. The ch an g e  i n  o x a l a t e  c o n c e n t r a t i o n  c a n  h e  
c o n v e n ie n t ly  and a c c u r a t e l y  d e te rm in e d  b y  t i t r a t i o n  
a g a i n s t  p o ta s s iu m  p e rm a n g a n a te , and  t h i s  ty p e  o f  
a c t in o m e te r  i s  e s p e c i a l l y  u s e f u l  a s  th e  quantum  y i e l d  
d o e s  n o t  v a ry  much w i th  c h a n g in g  wave le n g th *
U ra n y l o x a l a t e  wa s  p r e p a r e d  by m ix in g  h o t  s o l u t i o n s  
o f  o x a l i c  a c id  ( r e c r y s t a l l i z e d )  and  u r a n y l  n i t r a t e .
The u r a n y l  n i t r a t e  w as p u r i f i e d  by  i g n i t i n g  on  a  p la t in u m  
c r u c i b l e ,  30^ s u l p h u r i c  a c id  w as th e n  a d d ed  a n d  th e  
w hole  e v a p o r a te d  u n t i l  fum es o f  SO^ a p p e a r .  T h is  was 
r e p e a t e d  t h r e e  t im e s  and th e n  an  a q u eo u s  e x t r a c t i o n  
p e rfo rm ed #  T h is  e x t r a c t  was e v a p o ra te d  and th e  c r y s t a l s  
w ashed . T h ese  w ere  a g a in  r e c r y s t a l l i z e d #
The o x a l a t e  w as f i l t e r e d  o f f ,  w a sh e d , and  d r i e d  i n  
a  vacuum  d e s e ic c a to r *
9*84c*c# o f  0*01136 N* U ra n y l o x a l a t e  w ere  ex p o sed  
f o r  1 h o u r  i n  a  g l a s s  c e l l  to  l i g h t  from  th e  Hg lam p*
The e x p e r im e n t  was r e p e a t e d  w ith  v a r io u s  s c r e e n s  i n t e r p o s e d  
b e tw een  th e  l i g h t  an d  th e  c e l l*  A f t e r  e x p o s u re  th e  
o x a l a t e  w as t i t r a t e d  a g a i n s t  s t a n d a r d  p o ta s s iu m  
p e rm a n g a n a te  a t  8 0 °G „from  a  m ic ro  b u r e t t e *  T h ese  
r e s u l t s  a r e  sum m arized  i n  t a b l e  2* By t a k i n g  th e
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i n t e n s i t y  when no  s c r e e n  w as u se d  to  r e p r e s e n t  an  
a r b r i t a r y  v a lu e  o f  u n ity *  and  th e  b la n k  t o  r e p r e s e n t  
a  v a lu e  o f  jsero  i n t e n s i t y ^  and  c o n s t r u c t i n g  a  g ra p h  I 
(F ig *  4) th e  i n t e n s i t i e s  p ro d u c e d  when v a r i o u s  s c r e e n s  
w ere  u s e d  c o u ld  b e  i n t e r p o l a t e d  from  th e  a p p r o p r i a t e  
t i t r a t i o n *
S a b le  2 .
C a l i b r a t i o n  o f  S c r e e n s .
C o n d i t i o n .  f i t r a t i o n *  I n t e n s i t y ,
No S c re e n  -  0*755 1
0*740
S c re e n  Ho* 1 -  1*305 0*541
1.290
S c re e n  No* 2 -  1*560 0*320
1*580
S c re e n  No* 3 -  1*745  0*180
1*750
N o f l ig h t ,B la n k  1*965 0
1*:
5  ^ -  ‘The R o ta t in g  S e c t o r .
R o t a t i n g  S e c t o r .
L i f e  t im e s  o f  th e  g ro w in g  p o ly m e r r a d i c a l s  w ere  
m e a su re d  by  m eans o f  t h e  r o t a t i n g  s e c t o r , t h e  th e o r y  
o f  w h ich  i s  d e s c r ib e d  by  B u r n e t t  and M e lv i l l e  (X V II)#  
S h is  c o n s i s t e d  o f  a  1Fraom o* m o to r  w h ich  w as u s e d  to  
d r i v e  a  3 0 :1  r e d u c t i o n  g e a r in g  th ro u g h  a  p u l l e y  system # 
The s e c t o r  w as d r iv e n  from  t h i s  g e a r i n g  sy s te m  d i r e c t l y  
by  a n o th e r  p u l le y #  A p h o to g ra p h  o f  th e  a p p a r a tu s  
i s  shown i n  Fig# 5* The sp e e d  o f  t h e  m o to r  w as 
c o n t r o l l e d  by  a  v a r i a b l e  r e s i s t a n c e  and i t  w as fo u n d  
t h a t  c o n s t a n t  s lo w  s p e e d s  c o u ld  b e  o b ta in e d  o v e r  lo n g  
p e r io d s  b y  a l lo w in g  th e  m o to r  t o  r u n  f a s t  and  u s i n g  
i t  to  d r i v e  th e  g e a r in g  a rra n g e m e n t#  R a te s  o f  p o ly m er­
i z a t i o n  c o u ld  be q u i t e  c o n v e n ie n t ly  c h o se n  w here  th e  
l i f e  t im e  o f  t h e  r a d i c a l  was i n  a  r e g io n  s u i t a b l e  to  
th e  s p e e d s  o f  r o t a t i o n #
A b s o rp t io n  S p e c t r a ^
A b s o rp t io n  s p e c t r a  w here  r e q u i r e d  w ere  m e a su re d  
on  a  1Unlearn1 s p e c tro p h o to m e te r#  When th e  c o lo u r  
r e a c t i o n  w h ich  t a k e s  p la c e  when p o l y m e t h a c r y l o - n i t r i l e  
i s  h e a te d  a t  low  te m p e r a tu r e s  ( l$ 0 -2 0 0 ° 0 )  th e  d e p th  o f  
c o lo u r  and  th e  c o r r e s p o n d in g  e x t i n c t i o n  c o e f f i c i e n t  
w ere  d e te rm in e d  u s in g  th e  •Bpekker* a b s o r p t io n s t e r #
The b lu e  g r e e n  f i l t e r s  Ho* 603 w ere  u s e d  to  i s o l a t e  
t h e  r e q u i r e d  wave l e n g th  ra n g e *
Ammonia e s t i m a t i o n s .
Ammonia e s t im a t i o n s  w ere  c a r r i e d  o u t  by  c o l l e c t i n g  
th e  d e g r a d a t io n  p r o d u c t  i n  a  s ta n d a r d  am ount o f  w a te r  
c o n ta in e d  i n  a  l i q u i d  a i r  t r a p  a t t a c h e d  to  t h e  vacuum 
system *  0*3 c*c* M e s s ie r s  s o l u t i o n  p r e p a r e d  i n  th e  
m anner d e s c r ib e d  b e lo w  w ere  ad d ed  to  7 c*c* o f  t h i s  
s o l u t i o n  and th e  c o lo u r  p ro d u c e d  com pared  v i s u a l l y ,  o r  
u s i n g  th e  *Spekker%  w ith  t h e  c o lo u r  p ro d u c e d  i n  a  
s t a n d a r d  s o l u t i o n  o f  ammonium c h lo r id e *
P r e p a r a t i o n  o f  H esal e r * s  S o lu t io n
50 gras, o f  p o ta s s iu m  i o d id e  w ere  d i s s o l v e d  i n  th e  
s m a l l e s t  p o s s i b l e  am ount o f  c o ld  w a te r*  To t h i s  a  
s a t u r a t e d  s o l u t i o n  o f  m e r c u r ic  c h lo r i d e  w as ad d ed  u n t i l  
a  f a i n t  e x c e s s  was i n d i c a t e d ,  400 c*c* o f  a  50$ s o l u t i o n  
o f  p o ta s s iu m  h y d ro x id e  w ere  th e n  added  an d  a f t e r  t h i s  
s o l u t i o n  had  c l a r i f i e d  by  s e d im e n ta t io n  i t  w as made 
u p  to  1 l i t r e  and  d e c a n te d *
The m eth o d s m e n tio n e d  above  a r e  th e  ty p e s  o f  
e x p e r im e n ta l  te c h n iq u e  em ployed and p a r t i c u l a r  r e f e r e n c e  
w i l l  b e  made i n d i v i d u a l l y  t o  e a c h  o p e r a t i o n  a s  r e q u i r e d  
i n  th e  s u c c e e d in g  c h a p te r s *
Chapter HI*
D e g ra d a t io n  off t r a n s f e r r ed p o lym ethyl~m e t h a c r y l a t e s  »
f i l l s  w ork  on  th e  d e g r a d a t io n  o f  t r a n s f e r r e d  
p o ly m e tk y l~ m eth & cry l& t6 S  was u n d e r ta k e n  p r i m a r i l y  a s  
a n  a t t e m p t  a t  th e  e l u c i d a t i o n  o f  th e  t e r m in a t io n  and  
t r a n s f e r  p r o c e s s e s  w hich  o c c u r  i n  th e  p o ly m e r is a t io n  
o f  m e th y l m e th a c r y l a t e ,  and  a s  a  f u r t h e r  i n v e s t i g a t i o n  
o f  th e  d e p o ly m e r iz a t io n  r e a c t i o n .
A lth o u g h  t h e r e  h a s  b e e n  a g re e m e n t i n  r e c e n t  y e a r s  
a b o u t  th e  g e n e r a l  m echanism  o f  th e  p o ly m e r iz a t io n  
r e a c t i o n  and th e  p u b l i s h e d  v a lu e s  o f  th e  k i n e t i c  
c o e f f i c i e n t s  a r e  f a i r l y  c o n s i s t e n t 9t h e r e  e x i s t  d i f f e r e n c e s  
o f  o p in io n  on  th e  e x a c t  n a t u r e  o f  th e  c h a in  t e r m in a t io n  
r e a c t io n *  I t  i s  w id e ly  a c c e p te d  t h a t  c o m b in a tio n  o t  
d i s p r o p o r t i o n a t i o n  o f  p a i r s  o f  g ro w in g  r a d i c a l s  o c c u r s  
a l th o u g h  t h e s e  p o s s i b i l i t i e s  c a n n o t b e  d i s t i n g u i s h e d  
k i n e t i c a l l y *  I t  h a s  a l s o  b een  s u g g e s te d  by Haward 
(X V III)  t h a t , a t  l e a s t  i n  th e  d i r a d i c a l  p o ly m e r iz a t io n  
o f  s t y r e n e , s e l f  t e r m in a t io n  by i n t e r a c t i o n  o f  two e n d s  
o f  th e  same c h a in  can  be a  h ig h ly  p ro b a b le  p ro c e s s *
B a x e n d a le , B y w a te r and E vans p r e s e n t  s t r o n g  
e v id e n c e  f o r  c o m b in a tio n  i n  t h e i r  w ork on m e th y l
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m e t h a c r y l a t e  p o ly m e r iz a t io n  by h y d ro x y l i o n s  (X IX f XX) 
and  M a th e so n , A u e r , B e v ila q u a  and  H a r t  (XXXII) s u p p o r t  
t h i s  c o n te n t io n  by  c o m p a riso n  w i th  r a d i c a l s  l i k e  
CH^ -  0 -  C6H4 -  CH -  CH2 -  CH5 w hich  e x c l u s i v e l y
com bine*C om parab le  am oun ts o f  b o th  ty p e s  o f  t e r m in a t io n  
r e a c t i o n  i s  s u g g e s te d  by  B ic k e l  and W ate rs  (XXI) from  
s t u d i e s  on  m e th y l i s o b u t y l  and b e n z y l  r a d i c a l s  w h ich  
r e s e m b le  th e  a c t i v e  e n d s  o f  th e  m e th a c r y l a t e  r a d i c a l s .
I t  h a s  been  shown by M arv el (X X II, X X III)  t h a t  
p o l y v i n y l - a c e t a t e  i s  p re d o m in a n tly  com posed o f  h ead  
t o  t a i l  l i n k a g e s .  l ’h i s  m ig h t be e x p e c te d  from  s t e r i c  
c o n s i d e r a t i o n s  b u t  m a in ly  from  th e  f a c t  t h a t  th e  
r a d i c a l  CHg •  CH. w i l l  b e  r e s o n a n c e  s t a b i l i z e d  to  a
g r e a t e r  e x t e n t  by  th e  s u b s t i t u e n t  X th a n  th e  r a d i c a l
CS -  0H9 . so  t h a t  i n  t h e  t e r m in a t io n  p r o c e s s ,  th e  
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c o n f i g u r a t i o n  o f  two r a d i c a l s  com ing t o g e t h e r  i n  an  
a c t  o f  t e r m in a t io n  w ould  n e a r l y  a lw a y s  bo  -
X
X X
* CHo ** C« t
* Ir
and  i t  m ig h t he e x p e c te d  t h a t  su c h  a  l in k a g e  m ig h t  
n o t  be  v e ry  s t a b l e  and  t e r m in a t io n  by c o m b in a tio n  
t h e r e f o r e  an  u n l i k e l y  p r o c e s s .
T e rm in a t io n  by d i s p r o p o r t i o n a t i o n  i s  a l s o  s t r o n g l y  
s u p p o r te d  by many w o rk e rs  i n  t h i s  f i e l d .  B am ford and 
Dewar (XXIV, XXV) and  V a le n t in e  and  M e lv i l l e * in  
r e v ie w in g  th e  e v id e n c e  (XXVI), h a v e  d e c id e d  t h a t  th e  
b a la n c e  l i e s  i n  f a v o u r  o f  d i s p r o p o r t i o n a t i o n *  I n  a  
r e c e n t  p a p e r  f u r t h e r  e v id e n c e  i s  p ro v id e d  by  V a le n t in e  
B o n a a l l* M e lv i l le  (XXVII) f o r  d i s p r o p o r t i o n a t i o n  i n  th e  
c a s e  o f  t h e  p o ly m e r iz a t io n  o f  m e th y l - m e th a c r y la te  a t  
30°Gt and  B o n s a l l ,  V a le n t in e  and M e lv i l l e  (XXIX)
s u p p o r t  t h i s  c o n te n t io n  f o r  s t y r e n e  a t  60°C . However
V£?«y.
i n  a ^ r e c e n t  p a p e r  by B ra d b u ry  and M e lv i l l e  (X X V III) i t  
i s  q u o te d  t h a t  c o m b in a tio n  o c c u r s  a s  th e  te z m in a t io n  
r e a c t i o n  i n  th e  p o ly m e r iz a t io n  o f  s ty r e n e  a t  60°C .
I n  a  s e r i e s  o f  d e g r a d a t io n  p a p e r s  by G r a s s ie  and  
M e l v i l l e  (V I) e v id e n c e  i s  p r e s e n te d  w hich  s t r o n g l y  
s u p p o r t s  d i s p r o p o r t i o n a t i o n  a l th o u g h  th e  i m p l i c a t i o n s  
o f  t h i s  a s p e c t  o f  t h e i r  work was n o t  f u l l y  d i s c u s s e d  and  
i t  i s  t h i s  p r e l im in a r y  e v id e n c e  w hich  fo rm s th e  b a s i s  f o r  
th e  p r e s e n t  i n v e s t i g a t i o n .  C r a s e ie  and  M e lv i l l e  h a v e  
shown t h a t  i n  a  b e n z o y l p e ro x id e  c a t a ly z e d  p o ly m e r two
d i s t i n c t  s p e c i e s  o f  m o le c u le  e x i s t s .  I f  su c h  a  
p o ly m e r I s  d e g ra d e d  i n  vacuo  a t  220°0  and  th e  r a t e  
o f  d e g r a d a t io n  p l o t t e d  a g a i n s t  th e  d e g r a d a t io n  
t o  m onom erj a  c u rv e  o f  th e  ty p e  shown i n  F ig*  9 i s  
o b ta in e d ^ s h o w in g  t h a t  th e  r a t e  decreases to  z e ro  a t  
50?£ degradation. I f  th e  te m p e r a tu r e  i s  now in c r e a s e d  
to  2 8 0 °C , 100$  d e g r a d a t io n  can  he a c h ie v e d .  T hese  
two p h a s e s  o f  th e  r e a c t i o n  h a v ^  e n e r g i e s  o f  a c t i v a t i o n  
o f  32 & 42 k . c a l s .  r e s p e c t i v e l y .
I f  t h e  s t r u c t u r e  o f  a  b e n z o y l p e ro x id e  c a ta ly z e d  
p o ly m e r i s  c o n s id e r e d  i t  i s  d e a r  t h a t  th e  c h a in s  a r e  
s t a r t e d  by  e i t h e r  p h e n y l o r  b e n z o y l  g ro u p s  from  th e  
c a t a l y s t *
PhCOO OOCPh — > 2Ph* + 2C02 o r  2 PhCOO.
T h is  r e a c t i o n ,  a c c o r d in g  to  B a r n e t t  and V aughan (XXX), 
g iv e s  p re d o m in a n t ly  p h e n y l r a d i c a l s  a t  h i g h e r  t e m p e r a tu r e s .  
MaoXay an d  M e lv i l l e  (XXXI) h a v e  shown t h a t  no t r a n s f e r  
to  monomer o c c u r s  i n  th e  p o ly m e r is a t io n  r e a c t i o n  so t h a t  
th e  s t r u c t u r e  o f  a  b e n z o y l p e r o x id e  c a t a ly z e d  p o ly m e r 
w i l l  b e  -
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b y  c o m b in a tio n  ,
or
Ph  --------------------  -
and  by  d i s p r o p o r t i o n a t i o n  •
H i ----------------------- -----
•  .
I n  t h e  f i r s t  i n s t a n c e  th e  p o ly m er sam p le  w ould  be 
hom ogeneous b e in g  com posed o f  m o le c u le s  h a v in g  p h e n y l 
g ro u p  a t  b o th  e n d s  w h ile  i n  th e  se co n d  c a s e  th e  p o ly m e r 
w ould b e  com posed o f  two ty p e s  o f  m o le c u le  p r e s e n t  i n  
e q u a l  a m o u n ts , one  s p e c i e s  h a v in g  a  s i n g l e  bond and  th e  
o t h e r  a  d o u b le  bond end s t r u c tu r e *
G r a s s ie  and  M e lv i l l e  (V I) h av e  shown t h a t  d ep o ly m er­
i z a t i o n  i s  i n i t i a t e d  e x c l u s i v e l y  a t  th e  c h a in  e n d s*  
fo l lo w e d  by  d e p r o p o g a t io n ,s o  t h a t  any  d i f f e r e n c e  i n  
d e g r a d a t io n  c h a r a c t e r i s t i c s  m ust be due e i t h e r  to  
d i f f e r e n c e s  i n  th e  c h a in  e n d s  o r  d e p ro p o g a tio n *  I h e r e  
i s  v e ry  l i t t l e  l i k e l i h o o d  t h a t  a  s t r u c t u r e  w ould  e x i s t  
i n  th e  body o f  th e  m o le c u le  w hich  w ould  a l lo w  e x a c t l y  
and o n ly  h a l f  o f  th e  monomer to  be  e v o lv e d  and i t  h a s  
been  s u g g e s te d  t h a t  t h i s  b e h a v io u r  i s  due to  th e  p r e s e n c e  
o f  th e  e q u a l  p r o p o r t io n s  o f  s a t u r a t e d  and  u n s a t u r a t e d  
en d s  due to  d i s p r o p o r t io n a t io n *
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I f  th e  t e r m in a t io n  r e a c t i o n  h a d  b e en  c o m b in a tio n  
th e n  s t a b l e  m o le c u le s  h a v in g  p h e n y l g ro u p s  a t  b o th  e n d s  
w ould h a v e  b e e n  p ro d u ced *  A l l  th e  m o le c u le s  w ould  h av e  
t h i s  s t r u c t u r e  and no d e g r a d a t io n  s h o u ld  o c c u r  a t  
220°C* I f ,  a s  h a s  b een  s u g g e s te d ,  th e  c o m b in a tio n  l i n k  
i s  weak d e g r a d a t io n  m ig h t o c c u r  b u t  w ould  p ro c e e d  to  
100$  p o s s ib l y  a t  a  lo w e r  te m p e ra tu re *
I n  d e g r a d a t io n  e x p e r im e n ts  w here  p h o to  p o ly m e rs  
w ere u se d  t h e s e  a s s u m p tio n s  h a v e  a l s o  b e e n  su p p o r te d *
I t  i s  fo u n d  i n  t h i s  c a s e  t h a t  75$ o f  t h e  po lym er i s  
d e g ra d a b le  a t  220°C and th e  i n i t i a l  r a t e  i s  h ig h .
Ifow i f  p h o to - p o ly m e r iz a t io n  i s  a  d i - r a d i c a l  
p r o c e s s  h a l f  th e  en d s  w i l l  be s a t u r a t e d  by d i s p r o p o r t i o n  
and  i f  i t  i s  a  m o n o ra d ic a l  p r o c e s s  h a l f  th e  m o le c u le s  
w i l l  p o s s e s s  d o u b le  bond e n d s  from  th e  i n i t i a t i o n  s t e p  
and th e  same from  th e  d i s p r o p o r t i o n a t i o n  t e r m in a t io n  
r e a c t i o n .  I n  e a c h  o f  t h e  above c a s e s  75$ o f  th e  
m o le c u le s ,  on  th e  a v e ra g e f w i l l  c o n ta in  a t  l e a s t  one  
ty p e  o f  e a c h  end s t r u c t u r e  so t h a t  th e  above r e s u l t s  
can  r e a d i l y  be  deduced*
I f  s e l f  t e r m i n a t i o n , a s  s u g g e s te d  by Haward (X V II I ) ,  
h ad  o c c u r r e d  th e r e  w ould  c e r t a i n l y  be no p o s s i b i l i t y  
o f  th e  e x i s t e n c e  o f  two ty p e s  o f  m o le c u le  and th e  above 
r e s u l t s  w ould  n o t  f i t *
I t  i s  a l s o  w o rth y  o f  n o te  i n  t h i s  c o n n e c t io n  
t h a t  th e  e x i s t e n c e  o f  two and  o n ly  two t y p e s  o f  
m o le c u le  p r e s e n t  i n  e q u a l  am o u n ts  i s  a  good c h ec k  
on t h e  c o n te n t io n  o f  MacKey and  M e lv i l l e  (XXXI) t h a t  
no t r a n s f e r  to  monomer i s  o c c u r r i n g .  I n  t h i s  c a se  
the^fe w ould be  a d d i t i o n a l  s i n g l e  and d o u b le  bond en d s  
w h ich  w ould a l t e r  th e  o r i g i n a l  5 0 -5 0  p ro p o r t io n *
from  th e  above  t h e r e f o r e  i t  w ould a p p e a r  t h a t  
t e r m i n a t i o n , i n  th e  c a s e  o f  m e th y l - m e th a c r y la te ,o c c u r s  
e x c l u s i v e l y  by d i s p r o p o r t i o n a t i o n  p ro d u c in g  e q u a l  
am oun ts  o f  m o le c u le s  o f  th e  ty p e  d e s c r ib e d  a b o v e . I f  
th e  p r o p o r t io n s  o f  s i n g l e  and d o u b le  end  s t r u c t u r e s  
c o u ld  be  a l t e r e d  and  th e  i n t e r n a l  s t r u c t u r e  o f  th e  
p o ly m er m o le c u le s  k e p t  e x a c t l y  th e  same i t  w ould  th e n  
be  p o s s i b l e ,  by m e a s u r in g  th e  i n i t i a l  r a t e s  o f  
d e g r a d a t io n  and  th e  am ount o f  d e g ra d a b le  m a t e r i a l  a t  
22G °C ,to  d e c id e  w h ich  ty p e  o f  end g roup  i s  l e a s t  s t a b l e ,  
(!*© • d e g ra d a b le  a t  220°G w ith  an e n e rg y  o f  a c t i v a t i o n  
o f  32 k * c a ls /m o l.)  and  a ls o  to  p r o v id e  a  f i n a l  ch eck  on  
th e  p o s t u l a t e d  t e r m in a t io n  r e a c t i o n ,
I h i s  i s  t h e o r e t i c a l l y  p o s s ib l e  u s in g  b e n z e n e  a s  a  
t r a n s f e r  a g e n t .  When t r a n s f e r  o c c u r s  th e  g ro w in g  
p o ly m er r a d i c a l ,  i n s t e a d  o f  i n t e r a c t i n g  w i th  a n o th e r
s i m i l a r  r a d i c a l ,  a t t a i n s  s t a b i l i t y  by  th e  a b s t r a c t i o n  
o f  a  h y d ro g e n  atom  from  a  m o le c u le  o f  th e  t r a n s f e r  
a g en t*  Thu© i f  b e n z e n e  o o u ld  be  u s e d  a s  a  t r a n s f e r  
a g e n t  f o r  m e th y l m e th a c r y la t e  th e  r e a c t i o n  w ould  be 
r e p r e s e n te d  a s  fo l lo w s *
COOMe OOOMe
! t
E -  -  -   ---------0 +  PhH — ■ Ph* + E ---------  CH
I I
Me '
I n  t h i s  c a s e  a  s t a b l e  m o le c u le  w ith  a  s a t u r a t e d  end  
g ro u p  i s  p ro d u c e d  l e a v i n g  a  p h e n y l r a d i c a l  w hich  w i l l  
i n i t i a t e  a  new c h a in *  The k i n e t i c  c h a in  i s  shown 
be low  -
Ph — am.1 ■■ ■■ -  Ph — «  Ph
From c a t a l y s t  From b e n ze n e
« * * * •» ’••«• «•* Ph     ....... o r  9
T hus i f  b e n z e n e  o o u ld  b e  u se d  a© a  t r a n s f e r  a g e n t  
f o r  m e th y l -m e th a e r y la te  i n  a  b e n z o y l p e ro x id e  c a t a ly z e d  
p o ly m e r iz a t io n ,  a  p o ly m er w ould b e  p ro d u c e d  w h ich  w ould  
h av e  th e  same s t r u c t u r e  a s  a  n o rm al b e n z o y l  p e ro x id e
c a t a l y s e d  p o ly m er e x c e p t  t h a t  th e  num ber o f  s i n g l e  bond 
e n d s  w ould be i n c r e a s e d .
Xt h a s  h o w ev er b e en  s u g g e s te d  t h a t  th e  m echanism  
o f  t r a n s f e r  to  b e n z e n e , in s t e a d  o f  b e in g  a s  d e s c r ib e d  
a b o v e * is  by th e  a b s t r a c t i o n  o f  a  p h e n y l g ro u p  l e a v in g  
a  h y d ro g e n  atom  to  i n i t i a t e  a  new c h a in .
Me COOMe
t ia -----------  c. -I- PhH   a -  0 -  Eh + B»
I I
COOMe Me
The k i n e t i c  c h a in  w ould  be r e p r e s e n te d
Ph - —  -  Ph H
From From
C a ta ly s t  B enzene
H ■—----------- o r
P h    s  —  Ph
From
B enzene
S his would produce a h igh  proportion o f  s ta b le  m olecu les  
term inated by phenyl groups* The im p lica tio n s  o f t h is  
su ggestion  w i l l  be d iscu ssed  la ter *
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The P rob lem
S in c e  th e  above g iv e s  a  t h e o r e t i c a l  m ethod  o f  
v a r y in g  th e  p r o p o r t io n  o f  s i n g l e  and d o u b le  bond e n d s  
th e  p ro b lem  r e d u c e s  t o : -
(1 )  Show ing t h a t  b e n ze n e  a c t s  a s  a  t r a n s f e r  a g e n t  i n  
t h e  p o ly m e r iz a t io n  o f  m e th y l m e th a c r y l a t e .
(2 )  U sin g  p o ly m e rs  p r e p a r e d  i n  b e n ze n e  to  i n v e s t i g a t e  
t h e  i n i t i a l  r a t e s  o f  d e g r a d a t io n  and  d e c id in g  w hich  
ty p e  o f  end i s  u n s t a b l e  a t  220°C .
(3 )  C a l c u l a t i n g  th e  r e l a t i v e  p r o p o r t io n s  o f  th e  u n s t a b l e  
ty p e  o f  end g ro u p  from  m ea su re m e n ts  on  th e  i n i t i a l  r a t e s  
o f  d e g r a d a t io n  and  from  k i n e t i c  m ea su re m e n ts  and 
c o m p arin g  th e  r e s u l t s  o b t a in e d .
(4 )  R e p e a t in g  th e  ty p e  o f  e x p e r im e n t p e rfo rm e d  by 
C r a s s i e  and  M e lv i l l e ^ a s  sum m arized  i n  f i g u r e  9$u s in g
a  t r a n s f e r r e d  p o ly m er and  f i n d i n g  o u t  i f  th e  p r o p o r t io n  
o f  d e g ra d a b le  m a t e r i a l  a t  220°C c o r r e s p o n d s  to  th e  
p r o p o r t io n  o f  th e  u n s t a b l e  e n d s .
K i n e t i c s  ,
I f  th e  g e n e r a l  schem e o f  f r e e  r a d i c a l  p o ly m e r iz a t io n  
i s  c o n s id e r e d  th e  p o ly m e r iz a t io n  r e a c t i o n  may be  
r e p r e s e n te d  a s  f o l l o w s —
(1 )  M + 0 — » JL  I n i t i a t i o n ,  V i *  fci (C)(M ) .
W here Iff r e p r e s e n t s  a  monomer u n i t
C H c a t a l y s t
P^ tt r a d i c a l  c o n ta in in g  one  monomer u n i t
V i »  V e lo c i ty  o f  i n i t i a t i o n  «  K i (0 )(M ) i f  
c a t a l y s t  c o n c e n t r a t i o n  i s  c o n s t a n t .
(2 )  P1 + M — > P2
P + Iff ini P
2 5 — _ pr 0 p0 ga t i o n f Vp «  K p(P )(M ).
W W W
Pn + Iff — ) Pn+1
W here Vp *  H a te  o f  P r o r o g a t io n
(x )  *  C o n c e n t r a t io n  o f  X.
(3 )  Pn + S ~ f i n  + S . T r a n s f e r  to  s o l v e n t  Vz *  Kz (P ) (S ) 
W here S r e p r e s e n t s  a  s o l v e n t  m o le c u le
Mn * d e a d  p o ly m er m o le c u le
S . ” s o lv e n t  r a d i c a l
Vz as R a te  o f  t r a n s f e r  to  monomer
(4 )  P r  ♦ P s  H r ♦ s  T e r m in a t io n ,  V t «  K t [P )* \
o r  Mr + Ms •*
V t «* H a te  o f  t e m i n a t i o n  e i t h e r  by d i s p r o p o r t i o n a t i o n  
(Mr + Ms)
o r  c o m b in a tio n  (Mr + s . )  .
T r a n s f e r  to  Monomer i s  o m it te d  a s  MacKay and  M e l v i l l e  
(XXXI) h av e  shown t h a t  i t  d o e s  n o t  o c c u r .
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I f  t h e r e  i s  no t r a n s f e r  to  s o l v e n t  -
i  mu w* R a te  o f  d i s a n o e a r a n c e  o f  monomerchain  le n g th ,!^  » m W T i  i e r ^ ^ o n  o i e h a S T "
W f e )  m W
Ki(P0) 2 “ Kt(P0)
A ssum ing  th e  s t a t i o n a r y  s t a t s  -  
V i *  V t
K i(li) ® K t(P)2
m C o n s ta n t  x  (M )' O ’
H ence th e  m o le c u la r  w ei$rfc i s  p r o p o r t i o n a l  to  t h e  s q u a re  
r o o t  o f  th e  monomer c o n c e n tr a t io n *  Ih e  e f f e c t  on  th e  
m o le c u la r  o f  th e  change  i n  c o n c e n t r a t i o n  due to
c a r r y i n g  o u t  th e  p o ly m e r iz a t io n  i n  s o l u t i o n  i s  t h e r e f o r e  





0 0  th a t in  A grama o f  polymer prepared in  so lu t io n  there  
w il l  he -
A/ |r A mJ
Of th ese  there w i l l  be -
ends*
Va?2 o A ) ends each o f  s in g le
and double bond ends due to d isp ro p o rtio n a tio n  % 
When tr a n s fe r  to so lv e n t  occurs «•
 ^  _ Rate o f  disappearance o f  monomerchain length -  JU'te "of termination o f chains----
g p ( g ) W
chain le n g th  ■ K t(p)* K -(P)(S) •
I f  the m olecular w eight i s  represented  by 7 f the t o t a l  
number o f  ende in  A gme. o f  polymer i e  A/ y  and the  
proportion  o f  double bond ends in  a tra n sferred  polymer i s
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( M j /
0 ' ( H ) X f /
'A
7 2 F !o > / Cm )
(where (M) m con cen tration  o f Monomer in  S o lu tio n  ,
(Me j -  oonoentration  o f monomer in  pure monomer, 
1 0 -  m olecular w eight in  pure monomer),
and the proportion  o f  s in g le  bond ends i s  -
7 2P.
(M .)o V (M)
From t h is  i t  i s  ev id en t th a t , i f  monomer con cen tration s  
are known, the r e la t iv e  proportions o f  s in g le  and double 
bond ends can be ca lcu la ted  from m olecular w eight data in  
any tran sferred  polymer*
Experim ental.
2!he polymers were prepared and is o la te d  by the  
general method describ ed  in  chapter 2* The monomer used  
in  t h is  case was provided by I .C.I*  Ltd* 5?he quinone 
in h ib ito r  was removed by four washings w ith  N. ca u stio
soda*  The monomer was th e n  w ashed  f o u r  t im e s  w i th  
w a te r  * d r i e d  w i th  c a lc iu m  c h lo r id e ?  and  f i n a l l y  
d e g a s s e d  and d i s t i l l e d  a s  d e s c r ib e d  i n  c h a p t e r  2*
The c a t a l y s t  u s e d  was b e n z o y l p e ro x id e  w h ich  w as 
p u r i f i e d  by th e  m ethod  d e s c r ib e d  above* *A n a la r 1
b e n z e n e  w as p u r i f i e d  b y  d i s t i l l a t i o n  th ro u g h  a  colum n 
and  f i n a l l y  d e g a s s e d  and d i s t i l l e d  i n  vacuo*
50 c*c* m onom er, 50 c*c* monomer + 50 c .c *  b e n z e n e ,
40 c .c *  monomer + 360 c*c* b e n z e n e  w ere  d i s t i l l e d  i n t o  
t h r e e  r e a c t i o n  tu b e s * in to  w hich  th e  r e q u i r e d  am ount o f  
b e n z o y l p e ro x id e  h a d  p r e v io u s ly  b e en  in t r o d u c e d  so t h a t  
th e  o v e r a l l  c o n c e n t r a t i o n  i n  e a c h  c a s e  was 0*025$* T hese  
tu b e s  w ere  s e a le d  o f f  u n d e r  vacuum  i n  th e  u s u a l  m anner 
and th e  p o ly m e r iz a t io n  c a r r i e d  o u t  i n  a  th e r m o s ta t  a t  
6 0 ° C .,  t h e  p o ly m e r iz a t io n  b e in g  c a r r i e d  o u t  t o  10$ 
c o n v e rs io n *
The p o ly m e rs  w ere  i s o l a t e d  and  t r e a t e d  a s  d e s c r ib e d  
i n  c h a p te r  2 and a r e  d e n o te d  I ,  IX and I I I  r e s p e c t iv e ly *  
M o le c u la r  W eight M e asu rem en ts*
The m o le c u la r  w e ig h ts  w ere  m easu red  a s  d e s c r ib e d  i n  
c h a p te r  2 u s in g  b e n ze n e  a s  s o lv e n t*  The v a lu e s  o f  I I  
w ere  o b ta in e d  by m e a s u r in g  s e v e r a l  v a lu e s  o f  o sm o tic  
p r e s s u r e  a t  v a r io u s  c o n c e n t r a t i o n s  and e x t r a  J> o la tin g  
to  z e ro  c o n c e n tr a t io n *
* ~ ^Q^atatioia Curve for Poiymeirhyl*»methacrylat»«
5 2 .3 7 0
4 02 0
T t  M E .  M I N S .
Degradation exp erim en ts,
The d e g r a d a t io n  e x p e r im e n ts  w ere  c a r r i e d  o u t  o n  
th e  th e  dynam ic  m o le c u la r  s t i l l  (V I) d e s c r ib e d  i n  t h e  
se co n d  c h a p t e r .  I n i t i a l  r a t e s  o f  d e g r a d a t io n  w ere  
m e a su re d  a t  2 1 3 °C*
When p o ly m e th y l m e th a c r y l a t e  i s  h e a te d  i n  v acu o  and 
th e  p r e s s u r e  m ea su re d  on  th e  p i r a n i  gauge  p l o t t e d  
a g a i n s t  t im e ,a  c u rv e  o f  t h e  ty p e  shown i n  F ig* 7 i s  
o b ta in e d *  The i n i t i a l  p e a k  d e n o te d  •A* i s  due to  th e  
p r o d u c t io n  o f  v o l a t i l e  m a t e r i a l  w h ich  i s  a b s o rb e d  on  
th e  polym er*  When t h i s  v o l a t i l e  m a t e r i a l  i s  rem oved 
a  s t r a i g h t  l i n e  i s  o b ta in e d  w h ich  r e p r e s e n t s  d e g r a d a t io n  
to  monomer* The i n i t i a l  r a t e  i s  o b ta in e d  by  p ro d u c in g  
t h i s  l i n e  b a ck w a rd s  i n to  p e ak  A to  t h e  t im e  a t  w h ich
th e  te m p e r a tu re  o f  d e g r a d a t io n  ( i n  t h i s  c a s e  2 1 3 °C) w as
r e a c h e d .  0*3 gnu o f  p o ly m e r was u s e d  i n  e a c h  e x p e r im e n t .  
RESULTS.
(a) M o le c u la r  W e ig h ts .
The m o le c u la r  w e ig h ts  o f  p o ly m e rs  I ,  I I  and  I I I  a r e  
shown i n  T a b le  3 .
'fable
P o ly m er Mol Wt M easured l o l  Wt c a l c u l a t e d
from  ch an g e  i n  cone*
II I
IX
X - 2 ,0 0 0 ,0 0 0  -  3 0 0 ,0 0 0 .
7 2 0 ,0 0 0  ± 5 0 ,0 0 0 .  1 ,4 2 0 ,0 0 0  ± 1 0 0 ,0 0 0 .
2 3 1 ,0 0 0  i  1 0 ,0 0 0 .  6 3 5 ,0 0 0  £  3 0 ,0 0 0 .
By c o m p a riso n  o f  t h e  v a lu e s  c o n ta in e d  i n  co lum ns 2 and 
3 o f  th e  ab o v e  t a b l e , i t  i s  c l e a r  t h a t  th e  f a l l  i n  m o le c u la r  j 
w e ig h t  i s  g r e a t e r  th a n  w ould  b e  e x p e c te d  from  th e  ch an g e  
i n  monomer c o n c e n t r a t i o n ,  an d  h e n c e  b e n ze n e  i s  a c t i n g  a s  j
a  t r a n s f e r  a g e n t  f o r  m e th y l m e t h a c r y l a t e .
(b )  D e g ra d a t io n  H e s u l t s .
G r a s s ie  and  M e lv i l l e  h av e  shown t h a t  th e  r a t e  o f  
d e g r a d a t io n  i s  c o n s ta n t  i n  m o le c u la r  w e ig h ts  up to  
2 5 t 0 0 0 , Above t h i s  v a lu e  th e  r a t e  f a l l s .  T h is  d e c r e a s e  
i n  r a t e  i s  e x p la in e d  on  th e  g ro u n d s  o f  p re m a tu re  t e r m in a t io n  
o f  th e  d e p o ly m e r iz in g  ch a in *  The f a l l  i n  r a t e  w i th  
i n c r e a s i n g  m o le c u la r  w e ig h t  i s  sum m arized  i n  f i g u r e  8*
T h is  show s t h a t  o n ly  p o ly m er I I I  h a s  a  m o le c u la r  w e ig h t 
w h ich  l i e s  i n  th e  r e g io n  w here  th e  r a t e  i s  c o n s t a n t  so 
t h a t  d i r e c t  co m p a riso n  o f  th e  i n i t i a l  r a t e s  o f  d e g r a d a t io n
.ij?i£«...r_8., -  V aria tion  o f  Hat# w ith  M olecular We lig h t»
XX ^
M .W. K  | Q' 5
o f  th e  above  p o ly m e rs  w ould  be  o f  l i t t l e  v a lu e .  The 
a p p r o p r i a t e  c o r r e c t i o n  c o u ld  be  made u s in g  th e  d a t a
shown i n  F ig u r e  8 b u t  i t  i s  m ore c o n v e n ie n t  and  
s a t i s f a c t o r y  to  u s e  a  po lym er w hose m o le c u la r  w e ig h t  
l i e s  i n  th e  r e g io n  w here  th e  r a t e  i s  c o n s t a n t  f o r  
c o m p a riso n  w ith  p o ly m e r I I I , a n d  to  ch o o se  a  p o ly m e r 
o f  s i m i l a r  m o le c u la r  w e ig h t to  p o ly m e r I I  f o r  c o m p a riso n  
w i th  i t *  I n  f a c t  non  t r a n s f e r r e d  p o ly m e rs  o f  m o le c u la r  
w e ig h ts  94jOOO and  7 2 5 ,0 0 0  w ere  u s e d  i n  th e  r e s p e c t i v e  
c a se s*
The r e s u l t s  o b ta in e d  i n  th e  m easu rem en t o f  i n i t i a l  
r a t e s  o f  d e g r a d a t io n  a r e  shown i n  t a b l e  4 .
T a b le  4 .
I n i t i a l , R a te  R a t io ,  l Rf .
R a te  o f  D e g r a d a t io n .  R t f /H n tf *  
T r a n s f e r r e d  H o n t r a n s f e r r e d
0 .2 5 4  . 0 .4 0 4 .  0*58 .
0 * 3 4 7 , 0 .6 0 8 .  0 . 4 3 .
The f i r s t  t h i n g  which sh o u ld  be n o te d  from  th e  above  
t a b l e  i s  t h a t  th e  i n i t i a l  r a t e  o f  d e g r a d a t io n  h a s  f a l l e n  
i n  th e  c a s e  o f  th e  t r a n s f e r r e d  p o ly m e r. T h is  show s
F o ly m e r .
i i .
in.





2 0  3 0  4 0
D E G R A D A T I O N
t h a t  t h e  s p e c i e s  o f  m o le c u le  h a v in g  t h e  d o u b le  bond 
end  s t r u c t u r e ,  o f  w h ich  t h e r e  a r e  f e w e r  i n  a  t r a n e f e r r e d  
p o ly m e r , i e  l e a s t  s t a b l e  and  t h a t  i t  i s  t h i s  ty p e  o f  
m o le c u le  w h ich  d e g ra d e s  a t  2 1 3 °C w i th  an  E n erg y  o f  
A c t iv a t i o n  o f  32 k « c a ls « / t f o l*
I t  h a s  b e e n  shown ab o v e  t h a t  th e  r e l a t i v e  am o u n ts  
o f  s i n g l e  and  d o u b le  bond e n d s  can  b e  c a l c u l a t e d  from  
m o le c u la r  w e ig h t  d a ta  by th e  fo rm u la
r
M b . = !o>
T h is  p r o p o r t io n  can  a l s o  be c a l c u l a t e d  from  th e  
v a lu e s  o f  th e  r a t e  r a t i o  g iv e n  i n  t a b l e  4* s i n c e  t h e  
r a t e  r a t i o  i s  g iv e n  by#
Jfo o f  d o u b le  bond en d s*  t r a n s f e r  o c c u r r in g  _ *»
So o f  d o u b le  bond ende  wTKhout 't r a n o f e r    *  8
Now R *  S f k  m 2 M b
M b  = 8I
A f u r t h e r  m ethod  o f  d e te r m in in g  th e  p r o p o r t io n  o f  





9A*~ late t ^ Degradation for transferred PoXyiigw
4 0 6 0
/ 0  D E G R A D A T I O N .
G r a s s ie  and M e lv i l l e  w h ich  i s  sum m arized  i n  F ig u re  9 
u s in g  a  t r a n s f e r r e d  po lym er and  f i n d  th e  $  d e g r a d a t io n  
m a t e r i a l  a t  220°C* E n e r g ie s  o f  a c t i v a t i o n  o o u ld  b e  
m e a su re d  and  com pared  w i th  v a lu e s  o b ta in e d  i n  non  
t r a n s f e r r e d  p o ly m ers*
An e x p e r im e n t ,  w here  th e  r a t e  o f  d e g r a d a t io n  w as 
p l o t t e d  a g a i n s t  th e  $  d e g r a d a t io n  to  m onom er, was 
c a r r i e d  o u t  u s i n g  p o ly m e r 3IL The t e m p e r a tu r e  u s e d  
w as 213°C* fh e  r e s u l t s  a r e  shown i n  f i g u r e  9A w hich  
show s t h a t  th e  r a t e  o f  d e g r a d a t io n  d e c r e a s e s  to  z e ro  
a t  j u s t  o v e r  20$ d e g r a d a t io n . ( C u r v e  1 ) .
fh e  v a r i o u s  v a lu e s  o f  t h e  p r o p o r t io n  o f  d o u b le  
bond  e n d s  i n  th e  t r a n s f e r r e d  p o ly m er (M b )  a r e  sum m arized  
i n  f a b l e  5 .
f a b l e  5 „
F o lym er. M b  from  Mol* Wt* d a t a .  M b  .f ro m  r a t e
R a tio  .
H 0.26 0.29
IM 0.18 0.215
f h e  v a lu e s  shown i n  t h e  seco n d  t h i r d  and  f o u r t h
co lum ns a r e  i n  good a g re e m e n t t h e  d i f f e r e n c e s  p ro b a b ly




b e in g  due t o  th e  w ide  m a rg in  o f  e r r o r  w h ich  m u st 
i n v a r i a b l y  b e  e n c o u n te re d  i n  m e a s u r in g  a  m o le c u la r  
w e ig h t  o f  th e  o r d e r  o f  t h a t  o f  p o ly m e r I  ( 2 pQ0G#G 00f
i  3 0 0 ,0 0 0 ) .
F ig u r e  9A&iso show s th e  e f f e c t  o f  r a i s i n g  th e  ‘ ; 
te m p e r a tu r e  to  260°0  a f t e r  th e  20$ d o u b le  bond end  
p o r t i o n  h a s  d e g ra d e d . A t t h i s  te m p e r a tu r e  th e  
d e g r a d a t io n  p ro c e e d s * w ith o u t  any  m arked  d i s c o n t i n u i t y  * 
to  1 0 0 $ ,sh o w in g  t h a t  t h e  r e m a in in g  p o ly m e r i s  
H om ogeneous. (C u rve  2 F ig ,  9A ). The i n i t i a l  s t e e p  
s lo p e  o f  c u rv e  2 i s  due to  th e  s m a ll  am oun ts o f  d o u b le  
bond end © t i l l  r e m a in in g , and  a l s o ,  to  a  much g r e a t e r  
e x t e n t , t o  th e  m arked  d e g a s s in g  e f f e c t  w h ich  a  r i s e  o f  
500° w i l l  h a v e  on th e  i n s i d e  o f  th e  s t i l l *
A p p ro x im a te  m ea su re m e n ts  o f  e n e r g i e s  o f  a c t i v a t i o n  
g iv e  v a lu e s  o f  35 k . e a l . / m o l .  a t  20$ d e g r a d a t io n  
i n c r e a s i n g  to  42 k . o a l . / m o l .  from  20$ o n w a rd s . f h e  
c o n s i s t e n c y  o f  t h i s  e n e rg y  o f  a c t i v a t i o n  shows t h a t  t h e r e  
c an  be  no d o u b t t h a t  th e  m a t e r i a l  r e m a in in g  a f t e r  20$ 
d e g r a d a t io n  i s  c o m p le te ly  hom ogeneous.
As m e n tio n e d  i t  h a s  b e e n  s u g g e s te d  t h a t  t h e  
m echanism  o f  t r a n s f e r  to  b en zen e  i s  by  a b s t r a c t i o n  o f  
a  p h e n y l g ro u p  l e a v in g  a  h y d ro g e n  atom  to  i n i t i a t e  a  
new c h a in .  The k i n e t i c  c h a in  i s  r e p r e s e n te d  a s  f o l lo w s
4  0
P h -----------  Fh —  R -----------  Ph "  H
From From b e n z e n e  .
p e ro x id e .
I f  t h i s  w ere  th e  c a s e  t h e r e  w ould  be a  l a r g e  p r o p o r t i o n  
o f  s t a b l e  m o le c u le s  t e r m in a te d  a t  b o th  e n d s  by p h e n y l 
g roups*  She p r e s e n c e  o f  su ch  m o le c u le s  w ould b e  c l e a r l y  
shown a s  a  d i s c o n t i n u i t y  o f  c u rv e  2 ( F ig u r e  9A )• She 
f a c t  t h a t  c u rv e  2 p r o c e e d s  l i n e a r l y  t o  100$  show s t h a t  
th e  above  s u g g e s te d  m echanism  c a n n o t  a p p ly  and i t  m u s t 
t h e r e f o r e  b e  assum ed t h a t  t r a n s f e r  to  b e n z e n e  o c c u r s  
by  a b s t r a c t i o n  o f  a  h y d ro g e n  atom  l e a v i n g  a  p h e n y l 
r a d i c a l  to  i n i t i a t e  a  new ch a in *
REVIEW.
Work w h ich  h a s  b e e n  c a r r i e d  o u t  on  th e  p ro b lem  o f  
th e  e x a c t  n a tu r e  o f  t h e  c h a in  t e r m in a t io n  r e a c t i o n  h a s  
p ro d u c e d  many d i f f e r e n t  o p in io n s .  The p r e s e n t  w ork  
s u p p o r t s  d i s p r o p o r t i o n a t i o n  i n  th e  c a s e  o f  m e th y l 
m e th a c r y l a t e  a t  6 0 °C* T h is  i s  i n  a g re e m e n t w i th  th e
m a jo r i t y  o f  r e s u l t s  a l r e a d y  d i s c u s s e d  (XXIVf XXVII) 
and a l s o  w i th  some r e c e n t  r e s u l t s  o f  B e v in g to n , M e l v i l l e  
and T a y lo r  (X L II) w h ich  s u p p o r t  d i s p r o p o r t i o n a t i o n  i n  
m e th y l m e th a c r y la te  a t  2 5 °0* The o p p o s i t e  v iew  i s
Fh ---------  H -----------o r
s u p p o r te d  by  M ath eso n  e t  a l » ,  B a x e n d a le  e t  a l  and  
A r n e t t  (XXf XX XII, I.XXI) b u t  th e  w ork o f  M atheson  
©t a l  w as c a r r i e d  o u t  on  m odel s u b s ta n c e s  and  t h e i r  
r e s u l t s  m ig h t n o t  ap p ly *  I n  th e  p o ly m e r iz a t io n  o f  
m e th y l  m e th a c r y la t e  by h y d ro x y l  io n s  d i s c u s s e d  by 
B a x e n d a le ,  B y w a te r , and E v a n s , t e r m in a t io n  by h y d ro x y l 
o r  by t r a n s f e r  to  w a te r  w h ich  w as u se d  a s  a  s o l v e n t  
m ig h t h av e  o c c u r re d *  I n  e a c h  c a s e  m o le c u le s  c o n ta in in g  
two h y d ro x y l g ro u p  w ould b e  p ro d u c e d  and th e  o r i g i n a l  
a s s u m p tio n  t h a t  su c h  m o le c u le s  w ere  p ro d u c e d  by 
c o m b in a t io n  o f  two r a d i c a l s  m ig h t n o t  a p p ly *  The 
w ork o f  A r n e t t  (LXXI) i 3  a l s o  d o u b t f u l  s i n c e  th e  v a lu e s  
o f  c a t a l y s t  e f f i c i e n c y  u s e d  i s  i n  m arked  d is a g re e m e n t^ -  
w i th  t h a t  o f  Bay s a l  and  T o b o lsk y  ( .J L. )« T h e r e fo r e  
i t  a p p e a r s  t h a t  t e r m in a t io n  by  d i s p r o p o r t i o n a t i o n  o c c u r s  
e x c l u s i v e l y  f o r  m e th y l m e th a c r y la te  b e tw e e n  th e  
t e m p e r a tu r e s  o f  25° G and 60 °C*
The d i f f e r e n c e s  o f  o p in io n  a r e  m ore m arked  i n  th e  
c a s e  o f  s t y r e n e .  E a r l i e r  w ork (XXVI, XXIV, XXVII) 
q u o te s  d i s p r o p o r t i o n a t i o n  a s  th e  m echanism  b u t  m ore r e c e n t  
w ork by  B e v in g to n , M e lv i l l e  and  T a y lo r  (X B II) u s in g  
r a d i o  a c t i v e  t r a c e r  m ethods s t r o n g ly  s u p p o r t s  c o m b in a tio n  
a t  2 5 °C. C o m b in a tio n  a t  6 0 °C i s  a ls o  s u p p o r te d  by
some u n p u b l is h e d  d a t a  q u o te d  i n  X X V III,
* Lxxi/1
From the v a r ie ty  o f  r e s u l t s  i t  appears th a t  
no unique mechanism fo r  the term ination  step  in  
p olym erisa tion  r e a c t io n s  e x i s t s  but th a t each system  
should be considered  sep a ra te ly  w ith  the tem perature 
and co n d itio n  o f  re a c tio n  borne in  mind*
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C h a p te r  IV.
The P r e p a r a t i o n  and  P r o p e r t i e s  o f  M e t h a o r y l o - n i t r i l e ,
I n v e s t i g a t i o n  o f  th e  p o ly m e r iz a t io n  o f  m e th a o r y lo -  
n i t r i l e  and  th e  d e g r a d a t io n  o f  i t s  p o ly m er in v o lv e s  th e  
co n su m p tio n  o f  l a r g e  q u a n t i t i e s  o f  monomer* C om m ercial 
monomer i s  n o t  c o n v e n ie n t ly  o b t a i n a b l e  and  so  i t  
becam e n e c e s s a r y  to  i n v e s t i g a t e  th e  p o s s i b l e  m e th o d s  
o f  k i lo - g r a m ,  s c a l e  p r e p a r a t i o n .
The m e th o d s  u se d  r e q u i r e d  a c e to n e  c y a n h y d r in  a s  
s t a r t i n g  m a te r i a l*
The f i r s t  s u p p l i e s  o f  a c e to n e  c y a n h y d r in  w ere  
p r e p a r e d  by th e  m ethod o f  W elsh and  0.1 emo (X X X III) 
from  a c e to n e  and  p o ta s s iu m  c y a n id e .  I n  t h i s  p r e p a r a t i o n  
290 gms# o f  a c e to n e  w ere  ad d ed  to  a  s o l u t i o n  o f  KCH 
(310  gas*  i n  1 l i t r e  o f  w a t e r ) ; s u lp h u r i c  a c id  
( l f6?0  gm s*9 30$ HgSO^) w as added  s lo w ly  w ith  c o n s t a n t  
s t i r r i n g *  The te m p e r a tu re  w as k e p t  b e lo w  0°C by  
a d d i t i o n  o f  ic e *  The a c e to n e  c y a n h y d r in  fo rm ed  was 
e x t r a c t e d  from  th e  l a r g e  b u lk  o f  s o l u t i o n  by  m eans 
o f  a  c o n tin u o u s  e t h e r  e x t r a c t i o n  a p p a ra tu s *  The 
e t h e r  e x t r a c t  was d r i e d  w ith  sodium  s u l p h a t e » th e  
e t h e r  rem oved  on  a  w a te r  b a th ,  and th e  a c e to n e  c y a n h y d r in  
f i n a l l y  p u r i f i e d  by d i s t i l l a t i o n  u n d e r  re d u c e d  p r e s s u r e *
A pparatus f o r  P y ro ly s i s  Experim ents
f i g  I O  
f u n n e l  ft =» t h e r m o c o u p l e
l e a d s
m a i n s  .
V A R  IAC
t r a n s f o r m e r
p l a t f o r m  
F O R  
SILICA CHIPS
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(S .B * 8 1 °0  a t  15mm. p r e s s u r e ) .  L a t e r ,  a c e to n e  
c y a n h y d r in  becam e a v a i l a b l e  th ro u g h  I . C . I .  B i l l i n g h a a .
I n  th e  f i r s t  m ethod  u s e d ,  (X I) a c e to n e  c y a n h y d r in  
was c o n v e r te d  i n t o  m e th - a e r y lo  n i t r i l e  by  d e h y d r a t io n  
u s in g  t h i o n y l  c h l o r i d e -
OK CH,
i - h2o i *
CH, -  0 ■- CH, — - ------4  CH0 «  03 , 3  2 |
. CH CH
1 m ol o f  a c e to n e  c y a n h y d r in  was p la c e d  w i th  1*1 
m o ls  d ry  t h io n y l  c h lo r i d e  i n  a  f l a s k  u n d e r  r e f l u x  
w i th  m o is tu r e  e x c lu d e d .  The f l a s k  w as h e a te d  a t  
90°C — 100°C  u n t i l  th e  e s c a p e  o f  HC1 and SOg was 
c o m p le te .  The p r o d u c t  w as rem oved by d i s t i l l a t i o n  
(6 3 $ ) and  p u r i f i e d  by f u r t h e r  d i s t i l l a t i o n  th r o u g h  a  
s p i r a l  co lum n. The o v e r a l l  y i e l d  was 55$ B o i l in g  
p o i n t  o f  m e t h a c r y l o - n i t r i l e  i s  92~95°C*
A lth o u g h  t h i d  m ethod y i e l d s  a  s a t i s f a c t o r y  
p r o d u c t  i t  i s  l a b o r i o u s  and  tim e  consum ing  an d  w as 
r e p l a c e d  by a  m ore c o n v e n ie n t  m ethod in v o lv in g  th e  
p y r a l y s i s  o f  a c e to n e  c y a n h y d r in  a c e t a t e .
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CH, »  C -  CH, — ----------j>
5 I 5 H e a t a t  550°C
CN
A c e to n e  c y a n h y d r in  a c e t a t e  w as p r e p a r e d  
q u a n t i t a t i v e l y  by  a l lo w in g  a c e to n e  c y a n h y d r in  (1 m ol*) 
and  a c e t i c  a n h y d r id e  (1*5 m o ls . )  to  s ta n d  a t  room 
te m p e r a tu r e  f o r  tw e n ty  f o u r  h o u r s .  She e x c e s s  a c e t i c  
a n h y d r id e  w as rem oved by d i s t i l l a t i o n  and th e  a c e t a t e  
f r a c t i o n  B.P* 180-185°C  c o l l e c t e d .
She p y r o l y s i s  w as c a r r i e d  o u t  i n  an  e l e c t r i c a l l y  
h e a te d  s i l i c a  tu b e .  T h is  w as s i x  f e e t  l o n g ,  s e t  
v e r t i c a l l y  and p a c k e d  w ith  s i l i c a  c h ip s .  The tu b e  
w as h e a te d  o v e r  f o u r  f e e t  o f  i t s  l e n g th  and  a n  
e x p lo r in g  th e rm o c o u p le  f i t t e d  so t h a t  t h e  te m p e r a tu re  
i n  a l l  p a r t s  o f  th e  i n t e r i o r  c o u ld  be m e a su re d . The 
c u r r e n t  su p p ly  w as c o n t r o l l e d  by m eans o f  a  ♦V’a r i a e 1 
t r a n s f o r m e r  and th e  r e q u i r e d  V o lta g e  c h o se n  so t h a t  
a  te m p e r a tu r e  o f  550 °C c o u ld  be m a in ta in e d .  The 
a c e to n e  c y a n h y d r in  a c e t a t e  was ru n  i n  d ro p w ise  a t  th e  
to p  from  a  d ro p p in g  fu n n e l  and  th e  m e t h a c r y l o ~ n i t r i l e  
and  a c e t i c  a c id  c o l l e c t e d  i n  th e  t h r e e  n e c k e d  f l a s k  
a t  th e  bottom * A d iag ram  o f  th e  a p p a r a tu s  i s  shown 
i n  F ig*  10*
CH, 
i 3
CH- «  C AcOH 
i  t 
CH
The monomer w as s e p a r a te d  from  a c e t i c  a c i d  by 
p o u r in g  th e  m ix tu r e  i n to  w a te r  and  e x t r a c t i n g  w i th  
e t h e r ,  t h e  e t h e r  e x t r a c t  b e in g  w ashed w i th  w a te r  and  
s u b s e q u e n t ly  d r i e d  w i th  sodium  s u l p h a t e .  The e t h e r  
w as rem oved  on  a  w a te r  b a th  and  th e  monomer p u r i f i e d  
by  d i s t i l l a t i o n  th ro u g h  a  s p i r a l  colum n (BP 9 2 ~ 9 3 °C )•
The p r e p a r a t i o n  was c a r r i e d  o u t  u s in g  2 kgm* 
b a tc h e s  o f  a c e to n e  c y a n h y d r in  and  th e  o v e r a l l  y i e l d  
a f t e r  e x te n s iv e  p u r i f i c a t i o n  w as 55 -60$
S am ples o f  monomer p re p a re d  by th e  above  m eth o d s 
w ere  fo u n d , on  c o m p a riso n  w i th  com m erc ia l monomer 
s u p p l i e d  by L i g h t ’ s  L td * ,  to  h a v e  th e  same r a t e  o f  
p o ly m e r iz a t io n  i n  vacuo*
The b u lk  o f  th e  monomer u s e d  i n  s u c c e e d in g  
e x p e r im e n ts  was p r e p a r e d  by  th e  p y r o l y s i s  m ethod* 
P r e l im in a r y  e x p e r im e n ts  .
B e fo re  th e  m ain  i n v e s t i g a t i o n  c e r t a i n  p r e l im in a r y  
e x p e r im e n ts  w ere  c a r r i e d  ou t*
(1 )  IO .tra  V i o l e t  A b s o rp tio n  S pec trum  .
The u l t r a  v i o l e t  a b s o r p t io n  sp e c tru m  w as m ea su re d  
on  th e  • U nicam ’ u l t r a v i o l e t  s p e c tro p h o to m e r  a s  
d e s c r ib e d  i n  c h a p te r  2* T h is  c u rv e  i s  shown i n  F ig u re  11* 
T h is  c u rv e  was u s e d  a s  a  check  on  th e  a b s o r p t io n  f o r  
th e  p h o to c h e m ic a l r e a c t i o n ,
I3.t -  U ltra  V io le t  A bsorption Spectrum fo r  M eth~acrylo-
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(2 )  C o e f f i c i e n t  o f  E xpa n e lo n  o f  Monomer .
F o r  g e n e r a l  u s e  I n  r e a c t i o n s  i n v o lv in g  ch an g e  i n  
volum e and i n  o rd e r  to  c a l c u l a t e  c h an g es  i n  d e n s i t y  
and  c o n c e n t r a t i o n  o f  p u re  monomer th e  c o e f f i c i e n t  o f  
e x p a n s io n  o f  monomer w as determ ined* T h is  w as done 
by  o b s e r v in g  th e  f a l l  i n  l e v e l  o f  th e  s u r f a c e  c f  a  
known volum e ( a t  23 °C) o f  monomer w ith  ch an g e  i n  
te m p e r a tu r e  c o n ta in e d  i n  a  c a l i b r a t e d  d i l a t o m e te r  
tu b e  im m ersed  i n  a  the rm osta t*  The change i n  l e v e l  
w as m ea su re d  by m eans o f  a c a th e to m e te r*  From th e s e  
m e a su re m e n ts  th e  a v e ra g e  c o e f f i c i e n t  o f  a p p a r e n t  
e x p a n s io n  o f  m e t h a c r y l o - n i t r i l e  i n  p y re x  was fo u n d  to  
b e  0*001435 b e tw een  9 0 °C and 2 0 °C*
(3 )  Di l a t o m e t r i o  R e l a t i o n s h i p .
The m o st c o n v e n ie n t  way o f  e s t im a t i n g  r a t e s  o f  
p o ly m e r iz a t io n  i s  by  o b s e r v in g  th e  ch an g e  i n  volum e 
w h ich  o c c u r s  when th e  monomer i s  c o n v e r te d  to  th e  
m ore d e n se  polym er*  An e m p i r ic a l  r e l a t i o n s h i p  can  
be d raw n up b e tw een  t h i s  c o n t r a c t i o n  and th e  e x t e n t  
o f  p o ly m e r iz a t io n  and t h i s  v a lu e  can  b e  u se d  i n  
e v a l u a t i n g  a b s o lu te  r a t e s  o f  p o ly m e r iz a t io n *
I n  t h i s  e x p e r im e n t a  s e r i e s  o f  b e n z o y l p e ro x id e  
c a ta ly z e d  p o ly m e r iz a t io n s  w ere  c a r r i e d  o u t  i n  vacuo  
a t  60°C f 70°C , and  80°C* th e  volum e c o n t r a c t i o n  n o te d
° / o  C O N T R A C T I O N .
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and  t h e  e x t e n t  o f  p o ly m e r iz a t io n  d e te rm in e d  lay 
p r e c i p i t a t i n g  th e  p o ly m e r u s i n g  m e th y l a lc o h o l - w a te r  
(7 5 -2 5 )  f f i l t e r i n g  th ro u g h  a  s i n t e r e d  g l a s s  c r u c i b l e  
and  d r y in g  to  c o n s t a n t  w e ig h t  a t  1 0 0 °C. The $
c o n t r a c t i o n  w as p l o t t e d  a g a i n s t  th e  fo p o ly m e r iz a t io n  a t  
th e  t h r e e  te m p e r a tu r e s  and* "by c o n s t r u c t in g  a  s t r a i g h t  
l i n e  g ra p h  o f  c o n v e r s io n  f a c t o r :  t e m p e r a tu r e ,  th e
c o n v e r s io n  f a c t o r  a t  any  te m p e ra tu re  c o u ld  be c a l c u l a t e d .  
The c u rv e s  a r e  shown i n  F ig .  12 (A-60°C 12 B-70°C 12 C-80°C 
12  D -  c o n v e r s io n  f a c t o r  tem peratux»e) •
The c o n v e r s io n  f a c t o r s  a t  d i f f e r e n t  te m p e r a tu r e s  a r e  
shown be low  and  com pared  w i th  v a lu e s  o b ta in e d  f o r  
m e th y l m e th a c r y la t e  o b ta in e d  by MacKay and M e l v i l l e .
g a b le  6 .
Temp. C o n v e rs io n  F a c to r  C o n v e rs io n  F a c to r
” 0 M .A .S . U .S .
20 3.Z2 3 .6
30 3*12 3 .4 8
40 3 .0 4  3.38
50 2 .98  3 .25
60 2 .88  3 .1
70 2*78 2 .9 8
80 2*68 2 .8
1 2  C  .
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P o ly m e r i s a t io n  Cury* »
1*0
4020
T I M E . M I N S
Prom t h e s e  r e s u l t s  th e  v a lu e s  o f  th e  a b s o lu te "i
, v ,  .
r a t e s  o f ,p o ly m e r iz a t io n  can be c a lc u la te d *
(4 ) G e n e ra l  P o ly m e r iz a t io n  C h a r a c t e r i s t i c s  *
P o ly m e r iz a t io n  o c c u r s  w here b e n z o y l p e ro x id e  
o r  a zo  b 1 a - i s o - b u ty r o ~ n  i t r i  1 e i s  decom posed e i t h e r  
th e r m a l ly  o r  p h o to  c h e m ic a lly #  D i r e c t  p h o to - p o ly -  
m e r i z a t io n  u s in g  th e  r a d i a t i o n  p ro d u c e d  by th e  osram  
lam p g iv e n  i n  t a b l e  I  o c c u r s  o n ly  v e ry  s lo w ly  when 
th e  monomer i s  c o n ta in e d  i n  s i l i c a  tu b e s*  C a t a l y t i c  
p o ly m e r i s a t i o n  i s  l i n e a r  i t h  tim e  i n  th e  i n i t i a l  
s t a g e s  an d  no m arked  g e l  e f f e c t  (XXXIV) i s  e v id e n t*
A t y p i c a l  p o ly m e r i s a t io n  c u rv e  i s  shown i n  Pig* 13*
The P o ly m e r .
When p o ly m e th a c ry lo  n i t r i l e  i s  p r e c i p i t a t e d  and 
t r e a t e d  a s  d e s c r ib e d  i n  c h a p te r  2, i t  can  be  v e ry  e a s i l y  
g ro u n d  i n t o  a  f i n e  powder* The s o l v e n t s  a r e  l i m i t e d  
b e in g  a c e to n e ,  c y e lo h e x a n o n e , m e th y le n e  c h l o r i d e ,  
n i t r o b e n z e n e  and m e th y l e th y l  k e to n e .  The po lym er 
s w e l l s  i n  c h lo ro fo rm  (XXXVI)*
When th e  p o ly m er i s  h e a te d  i n  vacuo* i n  th e  
m o le c u la r ,  s t i l l  a  c u rv e  o f  the. ty p e  shown i n  P ig*  14 
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when th e  p o ly m e r m e l t s  show s t h a t  i n  th e  f in e ly  
pow dered  f o r m |in  w hich  t h i s  po lym er i s  r e a d i l y  
a v a i l a b l e , t h e r e  i s  n o t  much v o l a t i l e  m a t e r i a l  p r e s e n t*
I f  F ig* 14 i s  com pared  w ith  th e  s i m i l a r  c u rv e  
o b ta in e d  w i th  p o ly m e th y l m e th a c r y la te  shown i n  F ig* 7 
and  th e  r e l a t i v e  s i z e s  o f  th e  i n i t i a l  p e a k s  o b ta in e d  
t h i s  f a c t  c an  r e a d i l y  be a p p r e c i a t e d .  T h is  m eans t h a t  
i n  c a s e s  w here c o n c e n t r a t i o n s  m ust be fo u n d  by d i r e c t  
w e ig h in g  th e  e r r o r  in v o lv e d  due to  th e  p re s e n c e  o f  
t h e s e  v o l a t i l e  m a t e r i a l s  w i l l  be  q u i t e  s m a ll  (XXXV)*
The p o ly m e r i s  o n ly  m o d e ra te ly  s o lu b le  i n  
monomer an d  i n  some c a s e s  p r e c i p i t a t i o n  o c c u r s  d u r in g  
th e  p o ly m e r iz a t io n  p r o c e s s .  T h is  d e p en d s  on th e  
te m p e r a tu re  o f  th e  r e a c t i o n  and on th e  m o le c u la r  w e ig h t 
p ro d u c e d . F o r exam ple a  po lym er p re p a re d  a t  60°C. 9 
0*025$ c a t a l y s t  c o n c e n t r a t i o n ,  m o le c u la r  w e ig h t 1 2 2 ,0 0 0 ,
I s  i n s o l u b l e  w h ile  a  p o ly m e r p re p a re d  a t  8 0°C ,0*8$  c a t a l y s t  
c o n c e n t r a t i o n ,  m o le c u la r  w e ig h t  5 6 ,5 0 0  i s  c o m p le te ly  
s o lu b le *
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C h a p te r  V*
O sm otic  Phenom ena an d  M o le c u la r  W eight M easu rem en ts
i n  B o l .y m e th a c r y lo - n i t r l l e  *
l ’he  m o st r e l i a b l e  m ethods f o r  th e  m easu rem en t o f
ra t©  c o n s t a n t s  i n  p o ly m e r iz a t io n  p r o c e s s e s  i n v o lv e ,
i n  a d d i t i o n  to  r o u t e  m e a su re m e n ts , th e  d e te r m in a t io n  o f
num ber a v e ra g e  m o le c u la r  w e ig h ts ,  fh e s e  can  be m ost
r e a d i l y  d ed u ced  from  o sm o tic  p r e s s u r e  d a t a .  I f  i d e a l
o s m o tic  b e h a v io u r  i s  e n c o u n te re d  ^  , th e  o sm o tic  p r e s s u r e ,
TT
i s  p r o p o r t i o n a l  to  th e  c o n c e n t r a t i o n  so t h a t  i f  i s
p l o t t e d  a g a i n s t  0 ( t h e  c o n c e n t r a t io n )  a  s t r a i g h t  l i n e *  
p a r a l l e l  to  th e  c o n c e n t r a t i o n  a x is ,w o u ld  be o b ta in e d *
W ith h ig h  p o ly m e rs  non  i d e a l  b e h a v io u r  i s  i n v a r i a b l y  
e n c o u n te re d  a l th o u g h  i n  m ost p o ly m er s o lv e n t  sy s te m s  th e  
c u rv e  o b ta in e d  can  b e  d e s c r ib e d  by th e  e x p r e s s io n  -
TT m P + Q c% - - - - - -  -  -  -  (1 )
o r
TT »  P 4* Qc 4- Rc^, — — — — — — (2 )
z r
P o r exam ple th e  e q u a t io n  (1 )  d e s c r ib e s  th e  c u rv e  
o b ta in e d  w i th  p o ly s ty r e n e  i n  b e n ze n e  and (2 ) h o ld s
fo r  polym ethyl~m ethacrylate in  benzene.
These ex p ressio n s have been given  ample th e o r e t ic a l  
co n sid era tio n  by Huggins (XXXVII) who g iv e s  as a value  
df  Q -
where mQ « m olecular w eight o f  so lv en t  
d^ e  d en s ity  o f so lv e n t  
dg « d en s ity  o f  polymer
u i s  a con stan t for  the system and in  the id ea l case  
when Q t= 0 u * 0.5*
the above equations i t  i s  e ith e r  l in e a r  or gen tly  curved 
so th a t ex tra p o la tio n  to zero  concentration  i s  easy; 
whence the m olecular w eight can be ca lcu la ted  by the  
c la s s ic a l  formula -
(i -  >0
2
i C curve i s  represented by e ith e r  o f
Where M i s  the m olecular w eight o f  the polymer*
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E x p e r im e n ta l .
Ehe s o l v e n t s  a v a i l a b l e  f o r  p o l y m e t h a c r y l o - n i t r i l e
a r e  l i m i t e d  s in c e  th e  i n t e r a c t i o n  b e tw een  c h a in s^ w h ic h  
c a u s e s  t h e  c o m p le te  i n s o l u b i l i t y  o f  p o l y a c r y l o - n i t r i l e  c, 
i s  o n ly  s l i g h t l y  e a s e d  by th e  i n t r o d u c t i o n  o f  th e  
m e th y l g ro u p  J and  o f  th o s e  m e n tio n e d  e a r l i e r  i n  c h a p te r  4 
th e  o n ly  o n e s  o f  p o s s i b l e  u s e  i n  osm om etry a r e  m e th y l 
e t h y l  k e to n e # a c e to n e ,  m e th y le n e  c h lo r i d e  and c y c lo -h e x a n o n e . 
A ce to n e  and  m e th y le n e  c h lo r id e  a r e  r a t h e r  to o  v o l a t i l e  
f o r  s u c c e s s f u l  u s e  i n  osm om etry w n ile  m e th y le n e  c h l o r i d e ,  
i n  a d d i t i o n  to  i t s  v o l a t i l i t y  i s  a  p o o r  s o lv e n t .  I t  
w as e v id e n t  t h e r e f o r e  t h a t  th e  m o st s u i t a b l e  s o lv e n t  
f o r  r o u t i n e  m ea su re m e n ts  w as m e th y l e th y l  k e to n e ,b e c a u s e  
o f  i t s  low  b o i l i n g  p o i n t  and  th e  c o n v e n ie n c e  o f  m e a su r in g  
c o n c e n t r a t i o n s  by e v a p o r a t io n ,b u t  some e a r l y  e x p e r im e n ts  
i n d i c a t e d  an o m alo u s b e h a v io u r  and so an  e x te n s iv e  
i n v e s t i g a t i o n  o f  th e  o s m o tic  p r o p e r t i e s  o f  th e  po lym er 
i n  t h i s  s o l v e n t  and i n  c y c lo  hexanone was u n d e r ta k e n  i n  
o r d e r  to  d e te rm in e  c o n d i t i o n s  u n d e r  w h ich  r e l i a b l e  
m o le c u la r  w e ig h t m easu rem en ts  c o u ld  be o b ta in e d .
2Jhe o s m o tic  e x p e r im e n ts  w ere  c a r r i e d  o u t  on th e  
m o d if ie d  F u o ss  Mead osm om eter o f  M asson and  M e lv i l l e
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u s in g  t h e  g e n e r a l  m ethod  o f  o p e r a t i o n ,  t r e a tm e n t  o f  
s o l v e n t s  and m eth o d s o f  d e te r m in a t io n  o f  c o n c e n t r a t i o n s  
d e s c r ib e d  i n  c h a p te r  2 .
The p o ly m e rs  w ere  b e n z o y l p e ro x id e  c a ta ly z e d  
p r e p a r e d  i n  v acu o  a t  70%, 8 0 °C and 8 5 °G and  a r e  
d e n o te d  I ,  I I  and I I I  r e s p e c t iv e ly *  The p o ly m e r iz a t io n s  
w ere c a r r i e d  to  a p p ro x im a te ly  15$ c o n v e rs io n  and  th e  
p o ly m e rs  i s o l a t e d  and  d r i e d  by th e  p r o c e s s  a l r e a d y  
d e s c r ib e d  i n  th e  se co n d  c h a p te r*
R e s u l t s t
T TI n  m e th y l e t h y l  k e to n e  a t  2 5 °C th e  i 0 
e u fv e  a ssu m es a  c o m p le te ly  n o v e l  shape* T h is  i s  
shown i n  f i g u r e  15 c u rv e  I*  T h is  c u rv e  can  be draw n 
s a t i s f a c t o r i l y  on  a  much w id e r  v e r t i c a l  s c a le  so t h a t  
t h e r e  can  be  no d o u b t  a b o u t th e  p r i n c i p a l  d e t a i l s  
o f  i t s  shape*  F ig u re  15 a l s o  show s th e  e f f e c t  o f  
te m p e r a tu r e  on th e  c u rv e s*  O sm otic  m easu rem en ts  i n  
c y o lo h e x a n o n e  g iv e  c u rv e s  w hich  a r e  no rm al i n  sh a p e  
and  ex am p le s  a r e  shown i n  f i g u r e  15*
1 5 .
C O N C N .  G . / l O O  G . S O L N .
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Table J . - Pig# 15 ~ Osmotic curves for folymer I*
C urve No. S o l v e n t ;  Temp* f t *
1 *  M eth y l e th y l  k e to n e  23 °0
2 ' 9  w « « 4 ° c
3 * ” H M 30 °o
4 * C y c lo h ex an o n e  30°C 0 .4 3 5
5* w 35°C 0*376
I n  m e th y l e t h y l  k e to n e  i t  i s  c l e a r  t h a t  a t  th e  
c o n v e n ie n t  t e m p e r a tu r e s  f o r  o sm o tic  m easu rem en ts  nam ely  
2 0 -5 0 °C a n  a c c u r a t e  e x t r a p o l a t i o n  to  z e ro  c o n c e n t r a t io n  
w ould be  im p o s s ib le ^  w h ile  even  a t  lo w e r  te m p e ra tu re s  the  
f a c t  t h a t  th e  g r a d i e n t  i s  i n c r e a s i n g  w ith  d e c r e a s in g  
c o n c e n t r a t i o n  w ould make su ch  an e x t r a p o l a t i o n  d o u b tfu l*
The c u rv e s  o b ta in e d  i n  c y c lo h ex a n o n e  h ave  i n t e r c e p t s  
w i t h in  e x p e r im e n ta l  e r r o r  and t h i s  i n t e r c e p t  i s  a l s o  ft 
r e a s o n a b le  one f o r  th e  m e th y l e th y l  k e to n e  c u rv e s  a t  
4°C and 23°C* I t  m ust be assum ed t h a t  th e  c u rv e  a t  
3 0 °0 w i l l  bend  u pw ards a t  some lo w e r  v a lu e  o f  c o n c e n tr a t io n *  
The i n t e r c e p t  r e p r e s e n t s  a  m o le c u la r  . .e ig h t  o f  6 3 ,0 0 0  £  
2 ,0 0 0 *  The v a lu e s  o f  th e  H uggins c a l c u l a t e d  a t  th e  
d i f f e r e n t  t e m p e r a tu r e s  i n  th e  f i f th y l^ e th y l  k e to n e  c u rv e s  
shows t h a t  a t  h i g h e r  te m p e ra tu re s  t h e r e  i s  i n c r e a s in g
' 16«~ Osmotlo Curves for Polymer g»
30
vo  o ir O  — o .
O N C N  G / I O O G  S O L N .
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in te r a c t io n  between polymer and so lv e n t.
S im ila r ly  shaped curves were obtained fo r  polymers 
2 and 3 and th ese  are shown in  P ig s . 16 and 17. Ih ese  
polymers have m olecular w eights o f  137,000 -  5 ,000 and 
34,800 ± 1 ,0 0 0 .
fa b le  8 . -  P ig . 16 -  Osmotic curves fo r  Polymer I I .
Curve.  S o lv e n t .  Temp.
1« Methyl e th y l ketone 24*5°0
2 . » it n
3*  Cyclohexanone 25
4 % ” 30
fa b le  9 .  P ig . 17 Osmotic curves fo r  Polymer I I I  •
Curve. S o lv e n t . fem p.
1 • Methyl e th y l ketone 27°Q
2 • Cyclohexanone 27°C
fhe data  used in  co n stru ctin g  the above curves i s  
given in  f u l l  below in  fa b le  10 .
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T a b le  1 0 .~ O sm o tic  D a ta  f o r  F ig s .  1 5 , 16 and 1 7 .
F ig*  S o l v e n t .  Temp, 1T . 0 .  C urve*
°0 cms 80l n  g m s/100J
15 M eth y l e t h y l  k e to n e 23°C 4 .9 3 1 .4 2 5 3 .5 1 1
» n n tt M 4 .0 0 1 .0 8 5 3 .6 9 n
« it ft ft It 3 .1 6 5 0 .8 1 4 3 .8 9 it
t* it tt ti II 2 .1 8 0 0 .5 9 0 3 .7 0 tt
n tt it ti ft 2 .1 2 0 0 .5 7 0 3 .7 1 H
« n it ft ft 1 .3 2 5 0 .3 7 2 3 .5 6 ft
» H it t» II 1 .1 9 5 0 .3 2 6 3 .6 7 tt
» II if n It 0 .9 8 5 0 .2 7 5 3 .5 8 tt
N II it it tt 0 ,6 8 5 0 .1 8 0 3 .7 1 tt
» M if tt tt 0 .8 7 4 0 .2 4 1 3 .6 6 ft
II II « it tt 0 .7 4 0 0 .1 7 9 4 .1 3 tt
ft II n tt ft 1 .2 7 0 0 .3 7 2 3 .4 3 tt
« H if it 4°C 5 .2 5 1 .2 9 5 4 .0 5 2
« tt n tt 11 3 .7 4 0 .9 8 0 3 .8 2 tt
ft 0 n it tt 2 .6 0 0 .7 1 0 3 .8 8 tt
* n « ti tt 1 .9 0 0 .5 1 0 3 .7 3 H
tt » t* »t n 1*090 0 .2 8 5 3 .8 It
» it if N 3 0 ° 0 1 .7 2 5 0 .7 5 2 2 .2 9 3
n n tt II » 1 .2 4 0 0 .4 7 1 2*63 3
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gable 10 eontfl.
F ig . S o lv e n t 2emp. t f
°0 cms e o ln
0
gm s/100^
t j  <
0
3urve
15 M ethy l e t h y l  k e to n e 50 °C 0 .9 8 0 0 .3 6 8 2 .6 6 3
» it ti n n 0 .6 7 5 0 .2 5 5 2 .6 4 «
(t « «r n tt 0 .5 2 5 0 .1 9 6 2 .5 8 it
it n  tt tt n 0 .3 6 0 0 .1 4 2 2 .5 4 tt
n C y c lo h ex an o n e 35 °0 2 .5 7 0 .4 7 3 5 .4 4 4
it «i It 4 .4 2 0 .7 1 5 6 .1 8 it
n it tt 1 .3 2 0 .2 7 6 4 .7 4 »
ii « tt 0 .8 4 5 0 .1 9 3 4 .3 7 H
* i i 30°C 2 .7 9 0 .5 6 3 4 .9 6 5
« • « 1 .7 1 0 0 .3 7 8 4 .5 2 tt
tt n tt 1 .1 8 0 .2 7 0 4 .2 1 it
t t  . n tt 0 .7 0 5 .1 7 1 4 .1 5
1 6 M eth y l e t h y l k e to n e 2 4 .5 °C 1 .2 3 5 0 .7 7 4 1 .5 9 1
« • tt it tt 0 .9 9 0 0 .6 1 7 1 .6 2 tt
« n n it tt 0 .6 0 7 0 .3 8 4 1 .5 8 M
ii tt it » it 0 .4 4 6 0 .2 9 1 1 .5 3 n
it N tt » tt 0 .2 5 1 0 .1 6 3 1 .5 5 tt
ii tt tt tt 4*0 2 .5 8 0 .7 5 0 1 .9 5 2
« 11 tt tt tt 0 .9 6 6 0 .5 8 0 1 .6 5 n
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gable 10 contd*
Fig* S o lv e n t*  g « n p . 1T * o *  3 *  C urve
°C cms s o ln gm s/lOOg
16 M e th y l e t h y l  k e to n e 4°C 0*597 0 .3 7 0 1 .6 0 2
0 0 0 0 0 0*552 * 0 .2 3 0 1 .5 3 0
ft C y c lo h ex an o n e 30°C 5 .8 7 5 0 .8 6 1 4 .5 0 4
* 0 0 0 .9 0 0 0 .3 5 8 2 .5 0 0
» 0 0 0*485 0 .2 2 7 2 .1 3 0
tt 0 25°C 3 .8 3 0 .8 4 0 3 .2 1 3
0 0 0 0 .4 0 0 0 .2 0 2 .0 it
17 M eth y l e t h y l k e to n e 27°0 6*95 1 .3 7 5  „• 5 .0 6 1
0 0 0 0 0 3 .6 5 0 .7 5 2 4 .8 5 0
0 0 0 0 0 2 .4 3 5 0 .4 9 2 4 .9 5 0
0 0 0 h 0 1 .3 7 0 .2 5 4 5 .4 0 0
0 0 0 0 0 0*816 0 .1 4 3 5 .7 1 0
A n o th e r  i n t e r e s t i n g  p ro p e r ty  o f  th e  p o ly m e th a c ry lo -  
n i t r i l e - m e t h y l  e th y l  k e to n e  system ,, and. one w hich  i e  
o b v io u s ly  c o n n e c te d  w i th  i t s  o sm o tic  b e h a v io u r ^ is  t h a t  
th e  s o l u b i l i t y  d e c r e a s e s  w ith  i n c r e a s in g  te m p e ra tu re *
F or exam ple  a  Vfo s o l u t i o n  i s  c lo u d y  a t  room te m p e r a tu r e s  
b u t  c o m p le te ly  c l e a r  even  a t  ~78°C* I h i s  e f f e c t  i s  









C O N C
P r e c i p i t a t i o n  i n  t h e s e  sy s te m s t a k e s  p la c e  hy 
g r a d u a l  a g g lo m e r a t io n  o f  p a r t i c l e s  so t h a t  when 
p r e c i p i t a t i o n  becom es a p p a r e n t  by c lo u d in e s s  th e  a c t u a l  
a g g r e g a te s  a r e  q u i t e  l a r g e .  f i g u r e  18 was c o n s t r u c te d  
by  n o t in g  th e  t e m p e r a tu re s  a t  w hich  v i s u a l  c lo u d in e s s  
a p p e a re d  an d  d is a p p e a r e d  we r e s ae t ed (n e v e r  d i f f e r i n g
y,* ^  «r
by m ore th a n  1 0 ° )  and th e  mean o f  th e s e  p l o t t e d  
a g a i n s t  th e  c o n c e n t r a t i o n s .
The e x p e r im e n t  was c a r r i e d  o u t i n  a  n a rro w  n e ck e d  
p y re x  tu b e  (5  c .e *  c a p a c i ty )  im m ersed i n  a  l a r g e  f l a s k  
(500 c . e . )  c o n ta in in g  m e th y l e th y l  k e to n e .  A w ire  
s t i r r e r  w as a r r a n g e d  i n s i d e  th e  f l a s k  and  a  g l a s s  
p lu n g e r  p la c e d  i n s i d e  th e  5 o . c .  t u b e .  The f l a s k  was 
s lo w ly  h e a te d  w i th  a  m ic ro -b u rn e r  and th e  te m p e r a tu r e s ,  
d e s c r ib e d  a b o v e * n o te d . The h e a t in g  f l a s k  c o n ta in e d  
m e th y l e t h y l  k e to n e  r a t h e r  th a n  w a te r  to  a v o id  any 
c o n ta m in a t io n  o f  th e  po lym er s o l u t io n  w ith  w a te r  v a p o u r .
I t  s h o u ld  be n o te d  i n  t h i s  c o n n e c tio n  t h a t  m e th y l 
e th y l  k e to n e  g iv e s  a  m u tu a l ly  c lo s e d  s o l u b i l i t y  c u rv e  
w ith  w a te r  (X X X V III). I n  t h i s  i n s t a n c e  how ever i t  
w as im p o s s ib le  to  e x te n d  th e  p o l y m e t h a c r y lo - n i t r i l e -  
m e th y l e th y l  k e to n e  c u rv e  above 8 0 °C b e c a u se  o f  th e  
b o i l i n g  p o i n t  o f  th e  s o l v e n t .
Tabla XI
Data for S o lu b ility  Curva of Polymer I .
C oncen tration . 
g/lOOg aoXa .  
5 .15  
X.54 
0 .946  
0 .826  
0 .623  
0 .5 2 8  
0 .428  
0 .363  
0.196  
0 .268
Temperature where c lou d in ess appear!
•e.' I1
below 20°0









The f a c t  t h a t  v i s u a l  p r e c i p i t a t i o n  i s  o c c u r r in g  
w ith  c o n c e n t r a t i o n s  o f  1$ i n  th e  te m p e ra tu re  r e g io n  
i n  w h ich  o sm o tic  d a t a  i s  o b ta in e d  g iv e s  im m e d ia te ly  
a  r s a s o n  f o r  th e  n e g a t iv e  s lo p e  a t  h ig h  c o n c e n t r a t io n s  
shown i n  f ig s *  16 and 17* When th e  a g g lo m e ra te s  
become l a r g e  b e f o r e  p r e c i p i t a t i o n  th e  m o le c u la r  w e ig h t 
te n d s  to  i n f i n i t y  and  th e  o sm o tic  p r e s s u r e  f a l l s  to  
aero*  By co m p a riso n  o f  th e  c u rv e s  shown i n  f i g s .  18
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and 15 i t  l a  c l e a r  th a t;  t h e r e  i s  good a g reem en t 
b e tw ee n  th e  p r e c i p i t a t i o n  p o i n t  a t  th e  te m p e ra tu re  
c o n s id e r e d  and th e  b e g in n in g  o f  th e  n e g a t iv e  s lo p e *
A t low  te m p e r a tu r e s  a s  i n  th e  c u rv e s  o b ta in e d  a t  4 °0  
th e  p o ly m e r re m a in s  i n  s o l u t i o n  and h en ce  t h i s  
n e g a t iv e  p o r t i o n  i s  e l im in a te d .  When a  po lym er o f  
low  m o le c u la r  w e ig h t i s  u s e d ^ a s  i n  P ig* 17*no 
p r e c i p i t a t i o n  i s  o c c u r r in g  a t  27°C b e ca u se  o f  th e  
h ig h e r  s o l u b i l i t y  o f  th e  po ly m er and h en ce  t h i s  f i n a l  
n e g a t iv e  p o r t i o n  a g a in  d is a p p e a r s *  When how ever a  
p o ly m er o f  h ig h  m o le c u la r  w e ig h ty  su ch  a s  polym er 2 * 
i s  u se d  p r e c i p i t a t i o n  o c c u r s  a t  a  lo w e r  c o n c e n t r a t io n  
v a lu e  w i th  th e  c o r r e s p o n d in g  e f f e c t  on th e  o sm o tic  
c u rv e  a s  shown i n  P ig*  16* F o r  a  f u l l e r  a p p r e c i a t i o n  
o f  t h i s  phenom enon some f u r t h e r  t h e o r e t i c a l  p o in t s  
sh o u ld  be c o n s id e re d *
T h e o r e t i c a l  C o n s id e r a t io n s *
C o n s id e r in g  a  s t a t e  w here m o le c u la r  a g g r e g a t io n  I s  
o c c u r r in g ;  i t  i s  o b v io u s  t h a t  th e  am ount o f  a g g re g a t io n  
w i l l  d ep en d  on  c o n c e n tr a t io n *
Hence I f  a  *  No. o f  a g g r e g a t iv e  i n t e r a o t i o n /m o l .
o f  p o ly m e r we may w r i t e  -
a- * p(c)
I f  CLo. i s  th e  a v e ra g e  No* o f  monomer u n i t s  i n  
u n a s s o c i a t e d  m o le c u le s  and CL. a v e ra g e  No* o f  monomer 
u n i t s  i n  a s s o c i a t e d  a g g r e g a te s  th e n  •
_  CLo CLo (3 )
®  I= a  *  I = ? (c ) -------- ----------------
Now i f  t h e  n o r a a l  o s m o tic  c u rv e  i s  g o v ern ed  by  th e
c o n v e n t io n a l  e x p r e s s io n  o f  e q u a t io n  ( 2 ) * -
t j  = P + Qe + Rc2 ,
and th e  e f f e c t  o f  c h a n g in g  c o n c e n t r a t i o n  i s  c o n s id e re d
on e q u a t io n s  (2 )  and (3 )  th e  f o l lo w in g  e f f e c t s  become 
c l e a r .
As C i n c r e a s e s  from  z e ro  CL becom es g r e a t e r  th a n
CLo and  I f  d e c r e a s e s  c a u s in g  a  n e g a t iv e  s lo p e*  As fi
i n c r e a s e s  a t  low  c o n c e n t r a t i o n s  t h i s  n e g a t iv e  s lo p e
2c o n t in u e s  b u t  i s  so o n  c a n c e l le d  by th e  Qc and Rc 
te rm s  o f  e q u a t io n  2 and th e  c u rv e  t e n d s  to  n o rm a lity #
F i n a l l y  a s  f ( c )  1 , C L o / ^  ™  i n f i n i t y  and
CL te n d s  to  i n f i n i t y *  Thus Y J te n d s  to  z e ro  and 
th e  c u rv e  a g a in  a ssum es a  n e g a t iv e  s lo p e*
The e f f e c t  o f  te m p e ra tu re  on th e  curve©  i s  
e x p la in e d  i n  th e  same way a s  th e  i n c r e a s in g  s o l u b i l i t y
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w ith  d e c r e a s i n g  te m p e r a tu r e .  P o lym ers a r e  s o l u b l e  o r
i n s o l u b l e  d e p e n d in g  on w h e th e r  p o ly m e r - s o lv e n t  o r
p o ly m e r-p o ly m e r a t t r a c t i o n  p re d o m in a te s .  In  t h i s
sy s tem  b o th  th e  p o ly m e r and th e  s o lv e n t  a r e  p o l a r  and
b o th  ty p e s  o f  a t t r a c t i o n  a r e  s t r o n g  and a p p a r e n t ly
f i n e l y  b a la n c e d .  A t lo w e r  te m p e ra tu re s  p o ly m e r - s o lv e n t
a t t r a c t i o n  p r e d o m in a te s ,  a g g lo m e ra t io n  i s  p re v e n te d  and
th e  c u rv e s  a p p ro a c h  n o r m a l i ty .  When th e  te m p e ra tu re  i s
r a i s e d  p o ly m e r - s o lv e n t  a t t r a c t i o n  i s  s u p p re s s e d ,  th e
in c r e a s e d  te m p e r a tu re  a l lo w in g  th e  s lo w e r  po lym er
m o le c u le s  to  i n t e r a c t  and a ls o  d r i v in g  o u t  th e  s o lv e n t
m o le c u le s  from  th e  p o ly m er e n v i r o n s  c a u s in g  a g g lo m e ra tio n
to  o c c u r .
P re v io u s  Worie.
A lth o u g h  S shaped, c u rv e s  h av e  n o t  p r e v io u s ly  b een
r e p o r t e d  anom alous b e h a v io u r  i n  th e  c a s e s  o f  c e r t a i n
o t h e r  sy s te m s  h ave  b een  n o te d .
F i r s t l y  S t e u r e r  (XL) o b se rv e d  t h a t  e th y l  c e l l u l o s e
i n  b e n z e n e  and to lu e n e  s o l u t io n  h ad  norm al p o s i t i v e
c u rv e s  down to  a  v a lu e  o f  0 .1 - 0 .2 $  c o n c e n t r a t io n  w here
21th e y  c u rv e d  upw ards to  a  much h ig h e r  v a lu e  o f  fr-  • I t  
' o
i s  assum edf b u t  n o t  p ro v e d , t h a t  t h i s  v a lu e  i s  th e  same
a s  t h e  v a lu e  o f  S  o b ta in e d  i n  o t h e r  s o l v e n t s .  A
c o
dynam ic e q u i l ib r iu m  w here th e  a s s o c i a t e d  m o le c u le s  b re a h
down a t  low  c o n c e n t r a t i o n s  i s  p o s tu la te d *
S e c o n d ly  D oty  n o te d  (XXXIX) t h a t  s o l u t i o n s  o f  
p o ly  v i n y l  i n  d io x a n  h ad  n e g a t iv e  o sm o tic  s lo p e s
and t h i r d l y  su c h  s lo p e s  a r e  r e p o r t e d  i n  a  r e c e n t  p a p e r  
by M o ran w itz  and G obran (XLI) i n  w ork on s o l u t io n s  
o f  a c i d i c  and  b a s i c  po lym ers*  T hese c u rv e s  a r e  l in e & r  
and i n  th e  seco n d  c a se  h av e  d i f f e r e n t  i n t e r c e p t s  a t  
d i f f e r e n t  te m p e ra tu re s *  T h is  phenomenon i s  e x p la in e d
by th e  p o s t u l a t i o n  o f  a  s t a t i c  a s s o c i a t i o n  o f  m o le c u le s  
w h ich  ev en  a t  low  c o n c e n t r a t i o n s  shows no s ig n s  o f  
b reakdow n .
The p r e s e n t  work show s a  dynam ic e q u i l ib r iu m  
d e p e n d in g  on  te m p e ra tu re  and  c o n c e n t r a t io n  re s e m b lin g  
t h a t  q u o te d  by  S t e u r e r  (XL)*
V i s c o s i t i e s .
V i s c o s i t y  m easu rem en ts  w hich m ig h t be u se d  a s  a  
check  on  th e  m o le c u la r  w e ig h t m easu rem en ts  a r e  u n s a t i s ­
f a c t o r y  b e c a u s e  th e  w i s c o s i t y  o f  th e  po lym er i n  m e th y l 
e th y l  k e to n e  i s  v e ry  lo w . T h is  i n d i c a t e s  t h a t  th e  
m o le c u le s  a r e  c o i l e d  up a s  one w ould e x p e c t  i n  a  b ad  
s o lv e n t*
The v i s c o s i t i e s  o b ta in e d  a t  24*5°C a r e  shown below  
i n  T a b le  12*
T a b le  12 -  V i s c o s i t y  o f  P o lym er I I  i n  m e th y l e t h y l  k e to n e  
a t  24#!fC.
Concn# S p e c i f i c  V isc o s ity # I^ S P /C  *  1
0# g /1 0 0 9 . So ln# H s » .
0*814 0*214 0*255
0*688 0*160 0 .2 3 3
0*534 0*148 0*254
0*397 0*122 0*282
0 .3 0 3 0*0800 0*274
0*250 0*0641 0*251
I n  c o n c lu s io n  t h e r e f o r e ,  f o r  th e  p u rp o se  o f  
m e a s u r in g  m o le c u la r  w e ig h ts  a s  r e q u i r e d  i n  th e  e v a lu a t io n  
o f  r a t e  c o n s t a n t s  o r  i n  th e  i n v e s t i g a t i o n  o f  d e g ra d a t io n  
r e a c t i o n s  c y c lo h e x a n o n e * is  a  c o m p le te ly  s a t i s f a c t o r y  
s o lv e n t*  M ethy l e th y l  k e to n e  c o u ld  be u se d  i n  a  
l i m i t e d  te m p e r a tu r e  ra n g e  i f  th e  p e c u l i a r  sh ap e  i s  
b o rn e  i n  m ind and e x t r a p o l a t i o n  made u s in g  o n ly  p o in ts  
w hich  l i e  on th e  low  c o n c e n t r a t io n  n e g a t iv e  s lo p e .  
R e a so n a b le  a c c u ra c y  sh o u ld  be o b ta in e d  i f  th e  m o le c u la r  
w e ig h t i s  low  and a  s u i t a b l y  low  te m p e ra tu re  i s  c h o se n .
I n  th e  w ork w h ich  fo l lo w s  cy c lo h ex an o n e  h a s  b een  u se d  
a lm o s t  e x c lu s iv e ly #
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Chapter VI
H ate  C o n s ta n ts  i n  th e  P o ly m e r iz a t io n  o f  M e t h a c r y lo ~ n i t r i l e »
I n  w ork w h ich  h a s  p r e v io u s ly  b een  r e p o r t e d  on th e  
d e g r a d a t io n  o f  h ig h  p o ly m e rs  i t  h a s  been  shown t h a t  a n  
a c c u r a t e  d e s c r i p t i o n  o f  th e  s t r u c t u r e  o f  th e  polym er 
m o le c u le s  i s  o f  suprem e im p o r ta n c e . A b n o rm a li t ie s  i n  
s t r u c t u r e  i n  s m a ll  c o n c e n t r a t io n  such  a s  end g ro u p s 
and b r a n c h e s  h a v e  been  shown to  h ave  a  l a r g e  e f f e c t  on 
th e  d e g r a d a t io n  c h a r a c t e r i s t i c s ,  T h is  f a c t  h a s  b een
c l e a r l y  d e m o n s tra te d  in  th e  c o n s id e r a t i o n  o f  th e  
d e g r a d a t io n  o f  m e th y l m e th a c r y la te  r e p o r t e d  in  c h a p te r  3- 
A c e r t a i n  am ount o f  su c h  s t r u c t u r e  in f o r m a t io n  can  r e a d i l y  
be  o b ta in e d  from  a  c r i t i c a l  e x a m in a tio n  o f  th e  
p o ly m e r iz a t io n  r e a c t i o n  and th e  d e te r m in a t io n  o f  th e  
k i n e t i c  c o e f f i c i e n t s  o f  th e  v a r io u s  s t e p s  o f  th e  p r o c e s s .
The g e n e r a l  m echanism  o f  f r e e  r a d i c a l  p o ly m e r iz a t io n  
i s  shown i n  th e  scheme b e lo w s-
I n i t i a t i o n ,  M + C — * Vi *  K i(C )(M ).
P ro p o g a tio n *  P-^  + M — Pg
p 2 + M P j  - - -  VPi K ?(P )(M ).
Pn + M — Pn+1
T r a n s f e r  to  M + Pn — 
Monomer,
T e rm in a t io n , P r  + P s —
Mn + P1 V tr  * Kt (P )(M ),
Mr + Ms o r  Mr + s  V t = K t(P )^ , 
c o m b in a tio n  o r  d i s p r o p o r t i o n a t i o n .
W here th e  c o n v e n t io n a l  n o t a t i o n  f o r  f r e e  r a d i c a l ,  
c a t a l y s t ,  m onom er, and  r a t e  c o e f f i c i e n t s  i s  a s  a l r e a d y
a s s ig n e d  i n  c h a p te r  3*
A ssum ing  a  s t a t i o n a r y  s t a t e  -
<*(P) = K i(C )(M ) -  K t(P )2 *  0 .
*• (P )^  = K i(C ) (U) 
K t
*» (P) ■ K i ( c ) ( m)Kt
The m ea su re d  H a te  B , th e  r a t e  o f  d is a p p e a ra n c e  o f  m onom er, 
. i s  g iv e n  by th e  e x p re s s io n  K P(P)(M ),
• KP(P)(M ) *  R 9
(p )  — A -  ,
KP(M)
•  •
m c o n s t a n t  X (0 )^ ,
#•* l o g  H «  i  l o g  C ♦ c o n s t a n t .■■— -  — — (1 )
T h u s ^ i f  t e r m in a t io n  i s  by th e  m u tu a l i n t e r a c t i o n  
o f  two r a d i c a l s  r e s u l t i n g  e i t h e r  i n  c o m b in a tio n  o r  
d i s p r o p o r t io n a t io n , th @  m easu red  R a te  R w i l l  be p r o p o r t io n a l  
to  th e  s q u a r e  r o o t  o f  th e  c a t a l y s t  c o n c e n t r a t i o n .
P l o t t i n g  t h i s  d a t a  a s  lo g a r i th m s  a s  shown by e q u a t io n  1 ;  
a  s t r a i g h t  l i n e  s lo p e  0 .5 - i s  o b ta in e d  i f  t e r m in a t io n  
o c c u r s  a s  d e s c r ib e d  a b o v e .
I n  p h o to  c h e m ic a l p o ly m e r iz a t io n s  th e  g e n e ra l  schem e 
b e co m ess-
M + hv  — » Px V i a  f ( I ) .
Pn + M — > Pn + 1 V p a  K p(P )(M ),
P r  + P s  —  ^ Mr + b o r  Mr + Ms V t -  K t(P )^  %
w here I  i s  t h e  l i g h t  i n t e n s i t y .
and  from  th e  s t a t i o n a r y  s t a t e  e q u a t io n  *•
c o n s ta n t  x  f ( I )
£ (2)
Thus th e  R a te  i s  p r o p o r t io n a l  to  th e  s q u a re  r o o t  o f  
l i g h t  I n t e n s i t y *
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A lso  i f  th e  a v e ra g e  c h a in  l e n g th  o f  th e -p o ly m e r ic  
m a t e r i a l  fo rm ed  i s  g iv e n  by th e  fo l lo w in g  e x p r e s s io n ) -
chain le n g th  « 7  = o | , ^ a a jipeyanca o f aon p ^ g
H ate  o f  t e r m in a t io n  o f  c h a in s
SB gp(PHM)_________K t ( p p  + K fW (M l *
. . .  I  * + x t
. . .  I  u i t ^ L  + p >  ---------------------------  (5)
p Kp^di)^ ip
T hus i f  th e  m easu red  r a t e  i s  p l o t t e d  a g a i n s t  the 
r e c i p r o c a l  o f  th e  c h a in  l e n g th  th e  s lo p e  w i l l  g iv e  the 
v a lu e  o f  K t/K p  ^ and th e  i n t e r c e p t  K f/K p.
I n  o r d e r  to  a s s ig n  a b s o lu te  v a lu e s  to  th e  k i n e t i c  
c o e f f i c i e n t s  i t  i s  n e c e s s a r y  to  o b ta in  a n o th e r  
r e l a t i o n s h i p  b e tw een  Kp and K t. T h is  i s  found  be 
m e a s u r in g  th e  l i f e  tim e  o f  th e  g row ing  r a d i c a l .
-  c o n c e n t r a t i o n  o f  a c t i v e  c e n t r e s  
• r a t e  o f  d is a p p e a ra n c e  o f  a c t i v e  c e n t r e s
f ig *  19 v  E f f e c t  o f  l i g h t  I n t e n s i t y  on  Bzog P o ly m e r iz a t io n *
1 0
L O G . I
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H ence by  o b ta in in g  th e  d a ta  r e q u i r e d  f o r  e q u a t io n #  
(3 ) and  (4 )  v a lu e s  can  be  a s s ig n e d  to  Kp, Kf and K t.
R e s u l t s
!I?he g e n e r a l  e x p e r im e n ta l  te c h n iq u e  f o r  th e  c a t a l y t i c  
p r e p a r a t i o n  o f  p o ly m e rs , d e s c r ib e d  in  c h a p te r  2 , was 
em p loyed . 3:he c h a in  l e n g t h s  w ere c a l c u l a t e d  from  
o sm o tic  m ea su re m e n ts  on th e  m o d if ie d  F u o ss Mead osm om eter 
i n  c y c lo h e x a n o n e  and m e th y l e th y l  k e to n e  s o lu t io n  a s  
d e s c r ib e d  i n  c h a p te r s  2 and 5 . I n  t h i s  c o n n e c tio n * s in c e  
i t  was s u s p e c te d  t h a t  th e  m o le c u la r  w e ig h t in c r e a s e d  
a t  h ig h e r  c o n v e r s io n s * p o ly m e r iz a t io n s  w ere n e v e r  c a r r i e d  
beyond 2 -3 $ .  The a b s o lu te  r a t e s  o f  p o ly m e r iz a t io n  w ere 
c a l c u l a t e d  by th e  d i l a t o m e t r i c  r e l a t i o n s h i p  a l r e a d y  
g iv e n  t a k in g  th e  c o n c e n t r a t io n  o f  monomer a s  1 1 .9 1  gnu 
m o l . / l i t r e  a t  30°C .






L O G  -T
(A) 'S q u a r e  R oo t R e la t io n s h ip  -  d& ta r e q u i r e d  f o r  th e  
a p p l i c a t i o n  o f  e q u a t io n  ( 1 ) .
A s e r i e s  o f  e x p e r im e n ts  ws s  c a r r i e d  o u t  u s in g  
d i f f e r e n t  m ea su re d  c a t a l y s t  c o n e e n fix a tio n s  a t  59*1°C . 9 
70°C and  80 °C. The r a t e s  o f  p o ly m e r iz a t io n  w ere
p l o t t e d  a g a i n s t  th e  v a lu e  o f  th e  c a t a l y s t / \ c a l c u l a t e d  i n  
gm s./lO O  c . c .  a t  th e  te m p e ra tu re  o f  th e  e x p e r im e n t 
and th e  r e s u l t s  o b ta in e d  a r e  shown i n  T ab le  1 4 .
The e f f e c t  o f  l i g h t  i n t e n s i t y  on th e  r a t e  o f  
p o ly m e r iz a t io n  w as a ls o  i n v e s t i g a t e d .  As h a s  a l r e a d y  
b e en  m e n tio n e d  i n  c h a p te r  4 p h o to -c h e m ic a l  e x p e r im e n ts  
i n  s i l i c a  tu b e s  w i th  r a d i a t i o n  from  th e  osram  lam p , 
g iv e n  i n  T a b le  I f showed t h a t  th e  p h o to c h e m ic a l r a t e  
was to o  slow  f o r  c o n v e n ie n t  p h o to c h e m ic a l i n v e s t i g a t i o n s .  
However, a s  p h o t o s e n s i t i z e d  e x p e r im e n ts  w ere n e c e s s a ry  
i n  l a t e r  w o rk ,th e  e f f e c t  o f  l i g h t  i n t e n s i t y  on b e n z o y l 
p e ro x id e  and a z o - b i s - i s o - b u t y r o - n i t r i l e  p h o t o - s e n s i t i z e d  
p o ly m e r iz a t io n s  w ere i n v e s t i g a t e d .  The te m p e ra tu re  
ch o sen  (30°G ) was such  t h a t  no th e rm a l c a t a l y t i c  
p o ly m e r iz a t io n  o c c u r r e d .
The l i g h t  i n t e n s i t y  was v a r i e d  u s in g  th e  s c r e e n s  
c a l i b r a t e d  on th e  u r a n y l  o x a la te  a c t in o m e te r  d e s c r ib e d  
i n  c h a p te r  2 .  The r a t e s  o f  p o ly m e r iz a t io n  w ere ; l o t t e d
3»o# & a te * fo rt: O a t^ y a V O o a e *  f o r  M e th a c ry lo  N i t r i l e
2-0
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a g a i n s t  th e  l i g h t  i n t e n s i t y  and th e  r e s u l t s  a r e  shown 
f o r  th e  c a t a l y s t s  d ib e n z o y l  p e ro x id e  and a z o ~ b is - is o ~  
b u t y r o - n i t r i l e  i n  F ig s ,  19 and 2 0 .
S q u a re  r o o t  r e l a t i o n s h ip s ^  a r e  o1dse rv e d  and th e  
e x p o n e n ts  a r e  q u o te d  i n  t a b l e  15* T h is  shows t h a t  th e  
t e r m in a t io n  s te p  c o n s i s t s  o f  m u tu a l i n t e r a c t i o n  o f  
p o ly m er r a d i c a l s .
T ab le  14 . ,
T e m p e ra tu re .  R a te .R . l o g  RxlOO C a ta ly s t  co n cn .C . Log CxlOO-
• o . i* c o n t r a c t / h t . $
59*1 0 .0 2 0 0 0 .3 0 1 0 0 .0 2 5 '0*3979
59*1 0 .0 4 0 7 0 .6 0 9 0 0 .0 9 6 1 0 .9 8 2 7
59*1 0 .0 7 4 0 .8 6 9 0 .5 6 3 1 .7 5 0 5
59*1 0 .0 1 3 1 .0 3 3 1 .0 5 1 2 .021
70 0*105 1 .0 2 1 0 .0 2 5 0 .3 9 7 9
70 0 .1 4 9 1 .1 7 3 0 .0 9 5 6 0*980
70 0 .3 1 9 1 .5 0 4 0 .3 7 4 1 .5 7 3
70 0 .4 1 1 1 .6 1 4 0 .6 0 6 1 .7 8 3
80 1 .0 6 0 2 .0 2 5 0 .4 6 8 1 .6 7 0
80 1 .3 6 1 2 .1 3 4 0 .8 7 4 1 .9 2 8
80 0 .3 9 5 1 .5 9 7 0 .0 8 8 0 .9 4 5
80 0 .1 1 9 1 .0 8 6 0 .1 1 7 0 .6 8 2
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T hese  r e s u l t s  a r e  sum m arized i n  F ig u re  21 and
th e  e x p o n e n t c a l c u l a t e d  from  th e  s lo p e  a s  shown i n
e q u a t io n  (1 )*  The v a lu e s  o f  th e  e x p o n e n ts  and th e
c o r r e s p o n d in g  te m p e ra tu re s  a r e  shown i n  T ab le  16*
T a b le  15 -  I n t e n s i t y  E x p o n en ts  i n  p h o to s e n s i t i z e d
P o ly m e r iz a t io n s
C a ta ly s t*  Temp. E xponent*
D ib e n z o y l P e ro x id e  30°C 0*53
A z o - b i s - i s o - b u ty r o -  3 0 °C 0*54
n i t r i l e
T a b le  16
E x p o n en ts  i n  b e n z o y l p e ro x id e  c a ta ly z e d  r e a c t i o n s
Temp* Exponent*
59#1°C 0*49
70 °0  0 .5 2
8 0 °0  0 .5 2
The o v e r a l l  e n e rg y  o f  a c t i v a t i o n  c an  be c a l c u l a t e d  
from  th e  above  d a ta  by ta k in g  th e  r e l a t i v e  r a t e s  a t  
t h e  t h r e e  te m p e ra tu re s  a t  some a r b i r t t a r y  v a lu e  o f  c a t a l y s t  
c o n c e n tr a t io n *  T hese r a t e s  a r e  shown i n  T ab le  21?, 
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fa b le  17 ~ jfoergy o f A ctiv a tio n  o f Thermal C a ta ly tic  
> R ea c tio n »
C a t a l y s t  G oncn. Temp. lo g  R x 100
O.OlfS 5 9 .1 °C  0 .1 2
" 70°C 0 .6 2
" 80°C 1 .1 1
E n erg y  o f  a c t i v a t i o n  c a l c u l a t e d  from  P ig .  22 
*  24*6 k .c a l /m o l .
(3 )  D e te rm in a t io n  o f  K t/K p2 and K f/K p. -  e v a lu a t io n  o f  
th e  d a t a  r e q u i r e d  in  ( 2 ) .
To p ro v id e  th e  d a t a  f o r  a p p l i c a t i o n  o f  e q u a t io n  (2 ) 
a  s e r i e s  o f  e x p e r im e n td  w ere c a r r i e d  o u t  a t  5 9 » 1 °C ., 
70°C . and  80°0o w here  th e  r a t e s  o f  th e  r e a c t i o n  w ere 
d e te rm in e d ,  th e  p o ly m er i s o l a t e d  and th e  c h a in  l e n g th  
d e te rm in e d  o s m o t ic a l l y .  The r e c i p r o c a l  o f  th e  c h a in  
l e n g t h  w as p l o t t e d  a g a i n s t  th e  a b s o lu te  r a t e  o f  th e  
r e a c t i o n  ( m o l e . / l i t r e / s e c . ) and th e  v a lu e s  o f  K t/g p  
and  K f /K t c a l c u l a t e d  from  th e  s lo p e  and i n t e r c e p t  
r e s p e c t i v e l y  • The r e s u l t s  a r e  shown i n  T ab le  18 and 
sum m arized  i n  F ig s .  2 4 , 25 , 26 . The o sm o tic  c u rv e s  
o b ta in e d  i n  th e  m o le c u la r  w e ig h t m easu rem en ts a r e  shown
M O L S / LIT REySEOI O 5
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i n  F ig*  2 3 . P o ly m ers  1 ,  2 ,  3 end 6 b e in g  m easu red  i n  
m e th y l e t h y l  k e to n e  a t  23°0->and th e  r e s t  i n  o y c lo h ex en o n e  
a t  3 0 °C .
T a b le  1 8 . -  D a ta  f o r  a q u a t io n  ( 2 ) „
P olym er, Temp. H a te . ^  M ol.W t. * c h a in  l e n g th  .
Ho* °c. m o l s / l i t r e / s e c • x  104 .
1 . 5 9 .1 0 .1 9 6 X 10~5 2 .0 1 2 2 ,0 0 0 5 .4 8
2 , 59*1 0 .3 8 6 X xo~5 2 .4 5 1 0 0 ,6 0 0 6 .4 0
3 . 5 9 .1 0 .6 7 5 X icT5 3 .0 6 8 1 ,6 0 0 8 .2 0
4 , 5 9 .1 1 .0 8 1 X 1 0 "5 3 .5 5 7 0 ,5 0 0 9 .5 0
5 • 70 1 .0 4 X IO-5 3 .4 8 7 3 ,4 0 0 9 .1 5
6 * 70 1 .4 2 X 10~5 3 .7 0 69 ,1 0 0 9 .6 8
7 , 70 0 .3 9 0 X IO- 4 4 .8 5 3 ,3 0 0 1 2 .6
8 * 80 .9 9 0 X 10- 4 6 .2 0 41 ,1 0 0 1 6 .3
9 « 80 1 .2 7 1 X 10“ 4 7 .0 0 3 6 ,5 0 0 1 7 .8
10 * 80 0 .3 3 7 X IO- 4 4 .6 5 5 4 ,7 0 0 1 2 .3
11 . 80 0 .1 1 0 X IO” 4 4 .1 5 61 ,3 0 0 1 0 .9 8
The v a lu e  o f  th e  c o n c e n t r a t io n  o f  monomer was 
c a l c u l a t e d  from  th e  v a lu e  o f  th e  d e n s i ty  a t  30 (0 .8 0 0 )  
and th e  c o e f f i c i e n t  o f  e x p a n s io n  q u o te d  i n  c h a p te r  4*
The d e n s i t i e s  and c o n c e n t r a t io n s  u se d  a t  e ach  te m p e ra tu re  
a r e  shown i n  t a b l e  19*
M O L  S . / L l  T R E /  S E C  x I O 6
l ia b le  1 9 .
D e n s i ty  and  C o n c e n t r a t io n  o f  Monomer a t  V a rio u s  T e m p e ra tu re s .
Temp °C . D e n s i ty  g / c . c .  (M) g . m o l / l i t r e
50 0 .7 9 9  1 1 .9 1
60 0 .7 7 0  1 1 .5 0
70 0 .7 6 0  1 1 .3 5
80  0 .7 4 7  1 1 .2 1
The v a lu e s  o f  th e  s lo p e s  and i n t e r c e p t s  o b ta in e d  
from  th e  d ia g ra m s  shown i n  F ig .  24 § 25* 26 a r e  shown 
be low  i n  T a b le  2 0 .
/  ^  / iy ~
g a b le  2 0 , -  V a lu e s  o f  K f /Kp2 and K / K t a t  60a0 . . 70oC.«& 8 0 °0 .
Temp. S l o p e . I n t e r c e p t  .KtA :p 2 = H2x s lo p e  ^ ^ K p  .
°0 m o l s / l i t r e / s e c  u n i t s  m o l s / l i t r e / s e o  unite
5 9 .1  4 1 .0  4 .8 5 x l0 " 4 5 .4 5  x  103 4 .8 5  x  IO "4
70 1 2 .2  7 .9  xlO - 4  1 .5 8  x 103 7 .9  x  10**4
80 5 .6  1 0 .3x  10” 4 7 .0 5  x  102 1 0 .3  x  1 0 "4
From th e  d a t a  g iv e n  i n  T ab le  2 0 , th e  e n e r g ie s  o f  
a c t i v a t i o n  o f  th e  K t / Kp2 and K f/Kp te rm s can be c a l c u l a t e d .  
These a r e  sh o rn  i n  F ig u re s  27 and 28 and th e  c o r re s p o n d in g  
d a ta  i n  T a b le  2 1 .
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T a b le  2 1 .
Temp.° A lo g  Kt/Kp2 lo g  K f/Kp x  1C>4
353
343
332.1 3 .0 2  x IO’ 3 3.736
2.925 xlO  5 3.198
2 .825  x l0 “ 3 2.848 1.013
0*898
0.686
The e n e r g i e s  o f  a c t i v a t i o n  o f  th e  te rm s are found 
to  h a v e  th e  f o l lo w in g  v a lu e s:«*
The o v e r a l l  e n e rg y  o f  a c t i v a t i o n  q u o ted  i n  s e c t io n  A 
o f  t h i s  c h a p te r  (24*6 k .c a l s /m o l* )  i s  m a in ly  th e  e n e rg y  o f  
a c t i v a t i o n  o f  t h e  b re a k  down o f  B enzoyl p e ro x id e  c a t a ly s t*  
th e  s t a n d a r d  k i n e t i c  scheme and th e  a ssu m p tio n  o f  
th e  s t a t i o n a r y  s ta te ^ V i  *  V t* th e  m easured  r a t e  can  
be shown t o  be g iv e n  by th e  e x p re s s io n  -
Thus th e  E nergy  o f  a c t i v a t i o n  o f  th e  m easu red  r a t e  
i s  t h a t  o f  th e  term  -
» * V  " 18*2 k .c a l s /m o l
u
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3*5—A
The e n e rg y  o f  a c t i v a t i o n  o f  Ki i s  t h a t  o f  th e  b re a k ­
down o f  B en zo y l p e ro x id e  and a  g r e a t  many w o rk e rs  have  
g iv e n  v a lu e s  f o r  t h i s  u n d e r  v a r io u s  c o n d i t io n s  w hich  
show g r e a t  c o n s i s t e n c y .  T ab le  22 shows th e s e  v a lu e s ,  
th e  a p p r o p r i a t e  r e f e r e n c e  and th e  c o n d i t io n s  u n d e r  w hich  
th e  m ea su re m e n ts  w ere  o b ta in e d ;  th e  v a lu e s  a r e  q u o ted  
d i r e c t l y  o r  c a l c u l a t e d  from  d a ta  g iv e n  i n  th e  o r i g i n a l  
p a p e r s .
T ab le  2 2 E n e r g i e s  o f  A c t iv a t io n  o f  D ecom position  o f
B en zo y l P e ro x id e «
S o lv e n t  • E k .c a l /m o l . Hef.
B enzene  • 32
E th y l  B enzene • 31 XLIII
Coumene • 31 &
B e n z a ld e h y d e  • 31 XLIY .
B enzene + 20$ S t y r e n e » 3 0 .5
E th y l  B enzene  + 20$ S ty re n e  • 31
B e n z e n e . 2 9 .6
T o lu en e  • 2 9 .6
C arbon T e t r a c h lo r i d e  % 2 9 .6 XLV *
N itro b e n z e n e  • 2 9 .6
M ethy l a c e t a t e  • 2 9 .6
E th y l  a c e t a t e  • 2 9 .6
T a b le  2 2 * - co n td *
S o l v e n t .
t e r t - B u t y l  B e n z e n e . 
C y c lo h e x a n e  .
M ethy l c y c lo h ex a n e#  
N. O c ta n e  •
B u ty l  a c r y l a t e  • 
A l ly l  a c e t a t e  . 
M a le ic  a n h y d r id e  «
B k .c a l /m o l .
3 0 .4
2 8 .2







X L V III• 
30.111. 
X LII .
Bawn and H e l l i s h  (H » Y ),in  r e v ie w in g  th e  s i t u a t i o n  » 
s t a t e  t h a t  th e  e n e rg y  o f  a c t i v a t i o n  r e q u i r e d  to  b re a k  
b e n z o y l p e ro x id e  i n to  r a d i c a l s  i s  in d e p e n d e n t o f  th e  
medium and i s  o f  th e  o r d e r  o f  th e  c o n s ta n t  v a lu e  q u o ted  
(30  k . c a l e . ) .
From t h i s  v a lu e  th e  e n e rg y  o f  a c t i v a t i o n  o f  th e  
K t/g p 2  te rm  can  a ls o  be c a l c u l a t e d  t h u s i -
Eg = + Ep — ^ E t
2 4 .6  «  1 5 .0  + Ep -  It&t
® p/E-£ *  ^ ^  k . c a l s / a o l .
*• E t/ Ep2 * -  1 9 .2  k .c a l s /m o l ,
H 5
Q~




I T A  x JO
A l t e r n a t i v e l y ,  th e  a c t i v a t i o n  en erg y  o f  th e  b re a k  
down o f  b e n z o y l p e ro x id e  i n  m e t h a c r y l o - n i t r i l e  can  be 
c a l c u l a t e d  from  th e  v a lu e  o f  E Kp / ^  q u o ted  from  
e q u a t io n  ( 2 ) .  Thus th e  e n e rg y  o f  a c t i v a t i o n  o f  th e  
d e c o m p o s i t io n  o f  b e n z o y l p e ro x id e  a  32 k .c a l s /m o l .  
w h ich  c a n  be  com pared w ith  th e  v a lu e s  i n  o th e r  s o lv e n ts  
g iv e n  i n  T ab le  2 2 .
The e n e rg y  o f  a c t i v a t i o n  o f  can  be found
d i r e c t l y  from  p h o to  ch em ica l d a ta .  I f ,  a s  can 
r e a s o n a b ly  b e  a ssu m ed ^ th e  pho to  ch em ica l i n i t i a t i o n  
r e a c t i o n  i s  te m p e ra tu re  in d e p e n d e n t and s in c e  th e  
r a t e  m e a su re d  (R) i s  g iv e n  by th e  e x p re s s io n  R * £p(?)(M)t 
fefafc i f  th e  s te a d y  s t a t e  -
rs
d p / d ^ = f ( I )  -  Iv t(P )^  a  0 i s  assum ed
R « Kp(M) [ f ( I ) ] ^ A ^ 5  and h ence  th e  e n e rg y  
o f  a c t i v a t i o n  o f  th e  p h o to ch e m ic a l r e a c t i o n  w i l l  be th e  
e n e rg y  o f  a c t i v a t i o n  o f  K p /j^ i*
W ith m e t h a c r y l o - n i t r i l e  th e  p h o to -c h e m ic a l r e a c t i o n  
I s  v e ry  s lo w  and th e r e  i s  g r e a t  d i f f i c u l t y  i n  k e e p in g  
th e  s i l i c a  window o f  th e  th e rm o s ta t  r e p ro d u c ih ly  c le a n  
o v e r  th e  lo n g  p e r io d s  w hich would tte r e q u i r e d  to  
c o n s t r u c t  a  f u l l  e n e rg y  o f  a c t i v a t i o n  c u rv e . H ow ever,
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i f  s m a ll  c a t a l y s t  c o n c e n t r a t io n s  a r e  u se d  a t  a  
t e m p e r a tu r e  w here  no th e rm a l  c a t a l y t i c  p o ly m e r iz a t io n  
o c c u r s ,  t h e  in c r e a s e d  r a t e  p ro d u ced  w i l l  make th e  
p ro b lem  e a s i e r .  The r e s u l t s  shown below  i n  T ab le  23 
show va lue©  c a l c u l a t e d  from  d i r e c t  p h o to  ch em ica l 
and  b e n z o y l p e ro x id e  p h o to s e n s i t i z e d  p o ly m e r iz a tio n  
d a t a .
T a b le  2 3 .
E n e r g ie s  o f  A c t iv a t io n  i n  P h o to ch em ica l P o ly m e r iz a t io n s .
C o n d itio n #  Temp. R a te#  E ^Log ^2~ % x2 .3 0 3
ems c o n tn ./lO O  m in s . ^ T 1  * ^ T 2  
PhCOOOOCPh 3 0 5 .5  0 .1 6 2  ^
c a t a ly z e d  313 0*236
d i r e c t  303 0*058
The v a lu e s  o f  th e  e n erg y  o f  a c t i v a t i o n  c a lc u la t e d  
th e  v a r i o u s  m ethods d e s c r ib e d  above a r e  sum m arized i n  
T a b le  24 .
5 .0
p h o to c h e m ic a l  313 0.076
T a b le  2^ — E n e rg ie s  o f  A c t iv a t io n  o f  th e  te rm
M ethod o f  c a l c u l a t i o n Energy o f  A c t iv a t io n  
9 . 0 - 1  k .c a l s / m o l .
No.
M ol. Wt. & R a te  D a ta 1
O v e r a l l  E . and T a b le  22 .  9 .2
D i r e c t  p h o to c h e m ic a l  r e a c t i o n .  5 .0  





From t h e  v a lu e s  o f  th e  energy  o f  a c t i v a t io n  g iv e n  i n
x
T a b le  2 4 . The a v e ra g e  v a lu e  o f  c a l c u l a t e d
from  th e  d a ta  g iv e n  by m ethods 1  and 4 * can  be q u o ted  
a s  8 * 5 -1  k /c a ls /m o l*  The v a lu e  found  by m ethod 4 
i s  u n r e l i a b l e  b e c a u se  o f  th e  e r r o r  a lr e a d y  m en tioned*  
and  m ethod  2 d e p en d s  on th e  a ssu m p tio n  t h a t  th e  energy  
o f  a c t i v a t i o n  o f  th e  b re a k  down o f  b en zo y l p e ro x id e  i s  
th e  same a s  i n  o t h e r  s o lv e n t s .  I t  i s  o b v io u s ly  o f  th e
same o r d e r  b u t  s h o u ld  n o t  be  u se d  to  c a l c u l a t e  an
. 4
a c c u r a t e  v a lu e  o f  s in c e  th e  a c tu a l  v a lu e  o f  th e
e n e rg y  o f  a c t i v a t i o n  o f  th e  b re a k  down o f  Bzo2 i n  t h i s  
s o l v e n t  h a s  n o t  b e en  s p e c i f i c a l l y  m easured*
I n  a  s e r i e s  o f  p a p e rs  (X L V III- 1 )  on m o n o rad ica l 
and  d i r a d i c a l  p o ly m e r is a t io n s  th e  p o s s i b i l i t y  o f  t r a n s f e r  
to  c a t a l y s t  i s  c o n s id e re d *  Assum ing mo n o .ra d ic a l
p o ly m e r i s a t io n  when m o n o ra d ic a l p ro d u c in g  c a t a l y s t s  
a r e  u s e d , t h e  f o l lo w in g  e x p re s s io n  can be d e r iv e d  by 
i n t r o d u c in g  t r a n s f e r  to  c a t a l y s t  i n to  th e ;?
^  R e a c tio n  scheme *
1 , K f , Kc/V [ C a t . ]  ^ p i  ----------   (5 )j  * 15 + K* -rtr^  + w
i d l e r .  Kc i s  th e  c o n s ta n t  f o r  t r a n s f e r  to  c a t a l y s t  
Ve »  K o ( P ) ( C a t . ) .
g i g .  .2 3 -  (P o )/(fe ) w ith  intw raittent IlXwulnatlon.
I . F A S T .  
II.  S L O W
I t  i s  e v id e n t  t h a t  i f  t r a n s f e r  to  c a t a l y s t  i s
o c c u r r i n g  th e  p l o t  o f  1 /  a g a i n s t  R would n o t  be
¥
a  s t r a i g h t  l i n e  a s  shown i n  F ig s*  2 4 , 25 and 261 
and i t  m u st t h e r e f o r e  be assum ed t h a t  no t r a n s f e r  to  
c a t a l y s t  i s  o c c u r r in g  u n d e r  th e s e  c o n d it io n s *  Under 
s i m i l a r  c o n d i t i o n s  w ith  s ty r e n e ,  t r a n s f e r  to  c a t a l y s t  
t a k e s  p i  a c e  * a c c o rd in g  to  J o h n s to n e  and T obo lsky  (LV II)*
(C) D e te rm in a t io n  o f  K p / ^
Io  p r o v id e  th e  d a ta  r e q u i r e d  f o r  a p p l i c a t io n  o f  
e q u a t io n  ( 4 ) a  s e r i e s  o f  e x p e r im e n ts  w ere c a r r i e d  o u t  
u s in g  a z o - b i s - i s o - b u t y r o - n i t r i l e  i n  a  pho to  s e n s i t i z e d  
r e a c t i o n *  The l i f e  t im e s  w ere m easured  u s in g  th e  
r o t a t i n g  s e c t o r  d e s c r ib e d  i n  c h a p te r  2 *
B r i e f l y  th e  p r i n c i p l e  o f  th o  m ethod i s  a s  fo llo w s*
I f  (P ) i s  th e  c o n c e n t r a t io n  o f  r a d i c a l s  u n d e r  i n t e r m i t t e n t  
i l l u m i n a t i o n  and ( P ) s  th e  c o n c e n tr a t io n  o f  r a d i c a l s  u n d e r  
s te a d y  i l l u m i n a t i o n ,  th e n  f o r  a  slow  r o t a t i o n  ( P ) ( P ) S 
w i l l  b u i l d  up to  a  v a lu e  o f  u n i ty  d u r in g  th e  ‘ on* p e r io d  
and d e c r e a s e  to  a  v a lu e  o f  a lm o s t z e ro  d u r in g  th e  b f f f 
p e r io d  so  t h a t  f o r  s lo w  r o t a t i o n s ,  when th e  f l a s h  tim e  
i s  l o n g e r  th a n  th e  l i f e  tim e o f  th e  r a d i c a l * t h e  R a te  






S iM *  Dime o f  P l a s h .
3 0 .
f l a s h  t i m e .
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I f  t h e  r fi.te  o f  r o t a t i o n  i s  such  t h a t  th e  f l a s h  
tim e  i s  l e s s  th a n  th e  l i f e  tim e  o f  th e  r a d i c a l  th e n  a t  
t h i s  f a s t  r o t a t i o n  ( P ) ( P ) s  r i s e s  r a p id ly  d u r in g  th e  
•o n 1 p e r io d  and d e c r e a s e s  l e s s  r a p i d l y  d u r in g  th e  ’o ff*  
p e r i o d .  T h is  r e s u l t s  i n  th e  e s ta b l is h m e n t  o f  a  s te a d y  
s t a t e  i n  w hich  th e  e f f e c t i v e  c o n c e n tr a t io n  o f  r a d i c a l  
d o e s  n o t  change* When th e  * o f  f  * and •on* p e r io d s  a r e  
e q u a l ( i . e .  when th e  s e c to r  i s  c u t  a t  9 0 °) th e  
e f f e c t i v e  l i g h t  i n t e n s i t y  i s  h a lv e d  when f a s t  r o t a t i o n  
i s  u se d * a n d  th e  r a t e  o b se rv e d  w i l l  be g iv en  by th e  
e x p r e s s io n  -
Robe »
The change i n  ( P ) / ( P s ) g d u r in g  i n t e r m i t t e n t  
i l l u m i n a t i o n  i s  shown i n  Pig* 29* Curve 1 shows th e  
b e h a v io u r  a t  slow  r o t a t i o n  and c u rv e  11  shows th e  
a t t a in m e n t  o f  th e  s te a d y  s t a t e  a t  f a s t  r o t a t i o n .  The 
v a lu e  o f  ( P ) ( P s )  when th e  s e c t io n  i s  c u t  a t  90° = 0*706
( ( P ) ( P s )  x Vf2).
When th e  r a t e  o f  th e  r e a c t i o n  i s  p l o t t e d  a g a in s t  
s e c t o r  sp e e d  a  c u rv e  o f  th e  ty p e  shown in  P ig . 30 i s  
o b ta in e d *  A t th e  p e r io d  when th e  f l a s h  tim e  a p p ro x im a te s  
to  th e  l i f e  tim e  o f  th e  r a d i c a l  a  change o f  r a t e  w i l l  o c c u r .  
Prom t h i s  change th e  a p p ro x im ate  v a lu e  o f  th e  l i f e  tim e  
can be  fo u n d .





3 u r n e t t  and  M e lv i l l e  (X V II) h av e  shown i n  an  
e x te n s iv e  t h e o r e t i c a l  c o n s id e r a t i o n  o f  t h i s  m ethod  
t h a t  th e  v a lu e  o f  th e  l i f e  tim e  i s  th e  v a lu e  o f  th e  
f l a s h  t im e  when t h e  c u rv e  i s  b e g in n in g  to  f a l l  away*
They d e f i n e  m a s  th e  num ber o f  t im e s  th e  f l a s h  tim e  
( t )  i s  g r e a t e r  th a n  th e  l i f e  t im e (2^)and  d e r iv e  
m a th e m a t ic a l ly  a  c u rv e  r e l a t i n g  m ahd '5T 5 (P o )/(P s).
(Po *  c o n c e n t r a t i o n  o f  r a d i c a l s  d u r in g  th e  r e g io n  
o f  change  i n  r a t e ) .
JiiPol s  Po _ ss g a te  i n  r e g io n  o f  change 
(P s j  P s /J  2 “  Mate a t  f a s t  r o t a t i o n
T h is  t h e o r e t i c a l  c u rv e  i s  shovm i n  F ig ,  2 1 ,
Thus i t  i s  o n ly  n e c e s s a r y  to  know th e  r a t e  a t  some 
i n te r m e d i a t e  speed  o f  r o t a t i o n  and th e  r # t e  a t  f a s t  
r o t a t i o n *  From t h i s  r a t i o  th e  v a lu e  o f  m can  be fo u n d  
from  th e  t h e o r e t i c a l  c u rv e  and from  t h i s  a? can  be 
e v a lu a te d  s in c e  by  d e f i n i t i o n  —
T? »  ^/m •
I n  th e s e  e x p e r im e n ts  th e  a p p r o p r i a te  r a t e s  w ere  m easu red  
and from  th e  r a t i o  m was found* From t h i s  v a lu e  1? 
was c a l c u l a t e d  and h en ce  K py^*
A sam ple o f  th e  e x p e r im e n ta l  r e s u l t s  a r e  shown below  
i n  T ab le  25 and T ab le  26 ,
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T a b le  2 5 .
K p/K t a t  2 0 ° 0 t
H f a s t .  H b. io H s/R f m . t .  x*. HF . * * / £ . •
cms/XOO m in s  se c e  s e c s  m o la / l t r e / a e o .
0 .7 2 5  0 .6 1 0  8 4 . 0  5 .5  1 . 0  0 .1 8 3  0 ,3 4 5 x l0 “ 4 0 . 7 5 x10“ ®
0 .5 6  0 . 5 2  9 3 .0  2 .7  4 .0  .3 7  0 .2 6 9 x l0 ” 4 1 .1 1
0 .5 3 0  0 .4 9 0  9 3 .4  2 .5 1  1 . 0  0 .3 9  0 ,2 6 x l0 " 4 1 . 21x10“ ®
A verage V alue  «
1  #d42c l0^ i a o l s / l t r / s e c .
Table 2 6 »
^P/Kt 30°C . .
H f a s t • Hs« foR s /E f . m # t  • 3^. RF. KP/Jct o
cms/ 1 0 0  m ine s e c s s e c s mols / l t r e /  se  c .
0 . 8 0 .7 5 93*8 2 .4 1 0 .4 1 7 0 .3 0 4 x l0 “ 4 1 .7 5 x 1 0 “ ®
0 .6 9 0 .6 5 94*3 2 .3 7  1*05 0 .4 4 1 0 .5 1 4 x l0 " 4 1 .6 5 x 1 0 “ ®
0 .7 2 0 .6 5 9 0 .4 2 .7 1 .0 0 .3 8 3 0 .3 2 0 x 1 0” 4 1 .41O 10"6
0*65 0*60 9 2 .3 2 .5 1 .0 0 .4 0 0 .298x10“ 4  1 .4 0 x 1 0 “ ®
0 .5 9 0 .5 3 90 3 .1 6 1 .0 5
o•o 0 . 270x1 o” 4 1 .3  xl5~®
A verage V alue =
1 . 51x10**^  m o l s / l t r e / s e c .
t  was m e a su re d  by o b s e rv in g  th e  s e c to r  speed  by m eans 
o f  a  s to p  w a tc h .
T h e re  i s  a  w ide m arg in  o f  e r r o r  in v o lv e d  i n  t h i s  
e x p e r im e n ta l  m ethod and i t  h a s  been  su g g e s te d  t h a t  
a  f a c t o r  o f  two sh o u ld  be a p p l ie d  to  th e  r e s u l t s  to  
c o v e r  th e  p o s s i b l e  d i s c r e p a n c ie s .
M e lv i l l e  and Jo n e s  ( I I )  have shown t h a t  i f  r*  Is 
s m a l l ,  f o r  c o n d i t io n s  o f  s te a d y  i l lu m in a t io n  th e  
f o l lo w in g  e x p r e s s io n  w i l l  h o ld .
( dCP) m H ate o f  s t a r t i n g  o f  c h a in s )
S in c e  th e  s t a t i o n a r y  s t a t e  i s  r e p r e s e n te d  by th e  
e q u a t io n  -
(a )
d p / d t  = f ( I )  -  K t(P ) 2 « 0 W
and  th e  r a t e  o f  p o ly m e r iz a tio n  b y -
-d(M ) /d t  = Kp(P)(M ) ■ H,
(e)
th e  f o l lo w in g  e x p re s s io n  can  be d e r iv e d .  
Kp = H /d (P ) //d t  r(M )  ----------
(d)
f h u s  i f  d ( P ) c o u l d  be d e te rm in e d  by i n h i b i t o r  
m e th o d s  (l»II-I*V)*Kp cou ld  be e v a lu a te d  d i r e c t l y .
I n  t h i s  c a se  how ever, s in c e  th e  ph o to —ch em ica l 
r e a c t i o n  i s  s lo w , e x te n s iv e  p h o to ch e m ic a l e x p e rim e n ts  
a r e  im p o s s ib le .
Prom th e  a v e ra g e  v a lu e s  o f  th e  Kp/Kt term  g iv e n  
i n  t a b l e s  25 and  26 th e  v a lu e  o f  E p-E t can be 
c a l c u l a t e d .  T h is  w i l l  be s u b je c t  to  th e  e r r o r  o f  
t h i s  m ethod  a l r e a d y  q u o ted  and th e  b e s t  v a lu e  w i l l  be 
t h a t  o b ta in e d  from  th e  a v e ra g e  v a lu e s  o f  a  l a r g e  
num ber o f  e x p e r im e n ts  a t  two te m p e ra tu re s .  Prom t h i s  
v a lu e  and  from  th e  v a lu e s  o f  E p / a l r e a d y  q u o ted  
th e  i n d i v i d u a l  v a lu e s  o f  Ep and E t can be c a l c u l a t e d .
A verage  v a lu e  o f  E p -E t = 7*2 k .c a l s /m o l .
Prom t h i s  and e a r l i e r  v a lu e s  th e  fo l lo w in g  e n e r g ie s  o f  
a c t i v a t i o n  w ere  o b ta in e d .
Ep m 9*8 k .c a l s /m o l .
E t = 2 .6  M
E f  » 1 8 .8  M
Ih e  i n d iv i d u a l  v a lu e s  o f  th e  k i n e t i c  c o n s ta n t s  
can  be w orked o u t  from  th e  v a lu e s  o f  and
K p 3 w h ich  can  be  c a lc u la te d  a t  any te m p e ra tu re .
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f a b l e  28 show s th e  r e s u l t s  o b ta in e d  a t  70°0 to g e th e r  
w ith  th e  e n e r g i e s  o f  a c t i v a t i o n  and th e  te m p e ra tu re  
in d e p e n d e n t  f a c t o r s .
f a b l e  2 8 .
In d iv id u a l V a lu e s  f o r  K in e t ic  C o e f f i c i e n t s .
fem p . Kp, X f .  X tf  Bp, E f, B t , Ap, Af, A t .
70°G 1 1 0  8 . 7 x1 0 * 2 1 9 .1 x l0 6 9 . 8 i 2 18*8 2 .6  1 0 # 8x1 0 * 9ad 0 8
The v a lu e s  o f  th e  k i n e t i c  c o n s ta n ts  f o r  o ih e r  
m onom ers a r e  shown i n  f a b le  29*
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gable 29 - Kinetic Constants for Various Monomers,
Monomer* gemp • Kp. Kf. E t . E p .  E f . E t . R ef •
M ethy l







6 .1 3 x l0 ~ 4 2 . 7x1 0 **
6 . 8 x1 0 ®
' «*►
1 LVI
n 30 286 - — 4 .4  - - XXXI
n 25 273 - - 6 .3  - • LV
» 22 128 - 8 . 4x1 0 ® - - LXI
ft 30 273 mW - -  - - LV II
tt 25 512 - 4 6 . 6x1 0 ® -  - - LIX
S ty re n e 30 1 1 0 8 . 3xlO” 4 1 . 01x 1 0 ® - 2 .4 XXXII
it 25 1 8 .7 6 . 7 x l 0" 4 2.79x10® 6 .5  1 4 .2 2 .4 LXI
«t 30 51*9 - 1 0 . 5x1 0 ® 6 .3  - - XXXI
ti 25 39*5 6 . 3xlO~ 4 6 . 0x1 0 ® -  1 4 .4 1 .9 XVII
V in y la c e t a t e 15 750 - 3.9x10® 4 .4  - 0 XXXII
ft 25 1 0 1 2 - 5 . 9x1 0 ® 7 .3  - - LX
H 25 977 - 5.9x10® -  - 5 .2 LX II
n 0 2 8 .0 1 4 .0 x l0 -4 220x1 0 ® 3 .2  6 .1 0 LXII3
B u ty l
A c r y la te
M ethyl









1 0 x1 0 ®
9.4x10®
4 . 3x1 0 ®
mm mm
7 .1  -







V in y l
C h lo r id e
B u ty l
M e th a c ry la te
P ro p y l
M e th a c ry la te  












1 1 0 0 x1 0 ®
4 . 5x1 0 ®
1 1 0 0 x1 0 ®
1 .7 5 x l0 5
3 .7  -  
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T a b le s  28 and 29 show th e  v a lu e s  o f  th e  k i n e t i o
c o n s t a n t s  f o r  t h i s  monomer compared w ith  th o se  o b ta in e d
f o r  o t h e r  m onom ers. The d iv e r s e  v a lu e s  o b ta in e d  f o r
th e  same monomer by d i f f e r e n t  w orkers,, u s in g  d i f f e r e n t
e x p e r im e n ta l  te c h n iq u e s ,  show th e  a c c u ra c y  w hich i s
in v o lv e d .  T hese  d i f f e r e n c e s  a r e  m ain ly  due to  th e  w ide
m a rg in  o f  e r r o r  e n c o u n te re d  i n  th e  m easurem ent o f  Kt*
F o r th e  p u rp o se  o f  d e te rm in in g  s t r u c tu r e s  o f  po lym ers
f o r  u s e  i n  d e g r a d a t io n  e x p e rim e n ts  th e  v a lu e s  w hich a re
jl
2 and t w hich a re
o b t a i n a b l e  from  r a t e  and m o le c u la r  w e ig h t d a ta  and can  
be  q u o te d  w i th  r e a s o n a b le  a c c u ra c y .
C ha in  B r a n c h in g .
I t  w as n o te d  a t  an  e a r ly  s ta g e  o f  th e  i n v e s t i g a t i o n  
t h a t  th e  m o le c u la r  w e ig h t in c r e a s e d  w ith  in c r e a s in g  
e x t e n t  o f  p o ly m e r iz a t io n .  I f  t h i s  m o le c u la r  w e ig h t 
phenom enon h a d  b een  due to  a  ’ ge l*  e f f e c t  (XXXIV) an 
in c r e a s e  i n  r a t e  w ith  in c r e a s in g  c o n v e rs io n  would have  
b een  n o te d .  S in c e  no e f f e c t  o f  t h i s  ty p e  was e n c o u n te re d  
th e  m o le c u la r  w e ig h t in c r e a s e  m ust be due to  c h a in  
b ra n c h in g *  I n  th e  m easurem ent o f  k i n e t i c  c o n s ta n ts  th e  
c o n v e rs io n  was n e v e r  c a r r i e d  o u t beyond 2—3 where th e  
i n c r e a s e  i n  m o le c u la r  w e ig h t i s  n o t  a p p a re n t  b u t xn b u lk  
p o ly m ers  p r e p a re d  f o r  d e g ra d a t io n  p u rp o se s  t h i s  b ra n c h in g
r e q u i r e d  a r e  th e  r a t i o s  Kp
w i l l  be  m ore im p o r ta n t  and m ig h t have a  c o n s id e ra b le  
e f f e c t  on  th e  d e g ra d a t io n  c h a r a c t e r i s t i c s *
I n  o r d e r  to  i n v e s t i g a t e  t h i s  phenomenon s e v e ra l  
e x p e r im e n ts  w ere  c a r r i e d  o u t  in  which po lym ers w ere 
p r e p a r e d  u n d e r  th e  same c o n d i t io n s  o f  c a t a l y s t  
c o n c e n t r a t i o n  and te m p e ra tu re  w ith  d i f f e r e n t  $  c o n v e rs io n s  
The m o le c u la r  w e ig h ts  o f  th e s e  po lym ers were m easured  
a t  27 °C i n  c y c lo h ex a n o n e  and th e  r e s u l t s  a re  shown i n  
T ab le  3 0 .
T a b le  30 -  M ol, W eigh ts  a t  D i f f e r e n t  C o n v e rs io n s .
Temp* °C • C o n v e rs io n  i> C a ta ly s t  cone* ($) Mol* Wt.
70 20 0 .0 2 5 130 ,000
70 3 0*025 73 ,4 0 0
80 1 0 .5 0 42 ,0 0 0
80 5 0 .5 0 4 8 ,0 0 0
@0 1 2 0*50 53 ,500
60 3 0*025 1 2 2 ,0 0 0
6 0 15 0*025 Polym erin s o lu b le
The r e s u l t s  w hich a re c o n ta in e d  i n  t h i s  c h a p te r  show
t h a t  t h e  p o ly m e r p ro d u ced in  th e rm al c a t a l y t i c
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p o ly m e r iz a t io n  c o n s i s t  o f  m o le c u le s  w hich a re  te rm in a te d  
by  a  d i s p r o p o r t i o n a t i o n  o r  a  c o m b in a tio n  r e a c t io n *
A f a i r l y  l a r g e  p r o p o r t io n  o f  m o le c u le s  w i l l  be 
t e r m in a te d  by d o u b le  bond ends due to  t r a n s f e r  to  
monomer, and  i t  i s  l i k e l y  t h a t  b ra n c h in g  o c c u rs  to  a  
l a r g e  e x t e n t  a t  h ig h e r  c o n v ers io n s*
O th e r  E e f e r e n c e s  •  X»XYII, LXVIII*
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C h a p te r  V I I >
th e  fh e r s a a l  D e g ra d a tio n  o f  F o l jn a e th - a o r y lo - n i t r i l e  .
I n  c h a p te r  I  th e  ty p e s  of d e g ra d a t io n  r e a c t io n  
u n d e rg o n e  by  p o ly v in y l  compounds have been d is c u s s e d  
and t h e s e  h ave  b e en  c l a s s i f i e d  u n d e r two s e p a ra te  
h e a d in g s  a s  r e g a rd s  t h e i r  degradation  c h a r a c t e r i s t i c s #  
A c c o rd in g  to  th e  s n a i l  amount of in fo rm a tio n  a v a i l a b l e ,  
p o ly —s e t h —a c r y l o —n i t r i l e  ap p ea red  to  b e lo n g  to  th e  group 
t y p i f i e d  by p o ly m e th y l m e th a c ry la te  s in c e  i t  was r e p o r te d  
(X I) t h a t  t h i s  p o l y m e r m o n o m e r  in  v i r t u a l l y  
q u a n t i t a t i v e  y ie ld *  However i t  soon became obv io u s 
t h a t  t h i s  r e a c t i o n  i s  v e ry  much more co m p lica ted  th an  
t h i s  and  th e  m ethods o f  i n v e s t i g a t i o n  r e q u i r e  to  be 
a l t e r e d *
D e g ra d a t io n  r e a c t i o n s  w ere c a r r i e d  o u t in  th e  
dynam ic m o le c u la r  s t i l l  d e s c r ib e d  in  c h a p te r  2 . The 
p o ly m e rs  w ere  b e n zo y l p e ro x id e  c a ta ly z e d  and p re p a re d  
i n  v acu o  a s  a l r e a d y  d e sc r ib e d *  The m o le c u la r  w e ig h ts  
w ere  m e a su re d  on th e  m o d ifie d  Fuoss—le a d  Osmometer 
o f  M asson and M e lv i l l e  u s in g  cyclohexanone a s  so lv e n t*
The r e a c t i o n s  in v o lv in g  e x t in c t io n  c o e f f i c i e n t s  w ere 
fo l lo w e d  u s in g  th e  •Spekker* a b s o rp t io m e te r  o r  th e  
’ Unlearn1 s p e c tro p h o to m e te r  a s  re q u ire d *  Ammonia
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e s t i m a t i o n s  w ere  c a r r i e d  out by measuring the depth 
of colour produced i n  N essler's solution as deeoribed in
c h a p te r  2 *
(a) .G en era l D e g ra d a tio n  C h a r a c t e r i s t i c s  #
When th e  po lym er i s  h e a te d  i n  vaouo m o ltin g  o c c u r*  
a t  a  t e m p e r a tu r e  o f  110—1 2 0 °C# Prom t h i s  te m p e ra tu re
up to  2 0 0 °C no monomer o r  o th e r  v o l a t i l e  m a te r ia l  i s  
p ro d u c e d  i n  l a r g e  enough q u a n t i t i e s  to  cause  a  change 
i n  p r e s s u r e  i n s i d e  th e  s t i l l *  In  t h i s  te m p e ra tu re  ran g e  
th e  p o ly m e r becom es deep r e d .  A t 210°C monomer p ro d u c tio n  
becom es e v id e n t  and t h i s  r e a c t i o n  p ro ceed s q u ic k ly  to  
c o m p le t io n  a t  250-260°C . Above t h i s  te m p e ra tu re  no 
f u r t h e r  volum e o f  l i q u i d  i s  c o l l e c t e d  b u t  in c re a s e d  
te m p e r a tu re  c a u s e s  a  change o f  p re s s u re  in s id e  th e  s t i l l  
s u g g e s t in g  t h a t  m ore v o l a t i l e  m a te r ia l  i s  b e in g  p ro d u ced . 
A f te r  th e  monomer i s  rem oved a  b la c k  r e s id u e ,  in s o lu b le  
i n  a c e to n e  o r  c y c lo h e x a n o n e , rem ains*
The e f f e c t  o f  u l t r a  v i o l e t  l i g h t  on th e  m o lten  
po lym er w as i n v e s t i g a t e d  by d i r e c t i n g  th e  r a d i a t i o n  from 
th e  Osram 125w lam p (T ab le  1) on to  th e  t r a y  c o n ta in in g  
po lym er a t  1 5 0 °C . No a c c e l e r a t i o n  in  monomer p ro d u c tio n  
was n o te d #
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0 > )  f r p d t t c f  o b t a i n e d  i n  t h e  D a z - r a d a t l o n  P r o e « « m  ,
The f f i c t  t h a t  m o n o m e r  a n d  a  b l a c k  I n s o l u b l e  r s s i d u s
w as p ro d u c e d  s u g g e s te d  t h a t  th e  r e a c t io n  m igh t be one
i n  w h ic h  b o th  ty p e s  o f  d e g ra d a t io n  m echanism , d is c u s s e d  
i n  c h a p t e r  1 ,  to o k  p la c e *  In  t h i s  c a se  HCI would be 
p ro d u c e d  l e a v i n g  a  c o n ju g a te d  p o ly -a c e ty le n e  c h a in .
CH C l
I I
GE9 -  C -  CH« -  G -    BCN + -CH = C •  CH « C -
* I I I
Me M e  M e  Me
I n  o r d e r  to  f i n d  o u t i f  th e  v o l a t i l e  p ro d u c ts  
c o n ta in e d  HCM th e  y i e l d  c o l l e c t e d  in  th e  l i q u i d  a i r  t r a p  1 
w as d i s t i l l e d  i n t o  th e  s id e  arm 3 o f  th e  a p p a ra tu s  and 
th e  v a p o u r  p r e s s u r e  m easu red  on th e  m onom eter. The 
v a p o u r  w as ex p an d ed  in to  a  known volume and th e  vapou r 
p r e s s u r e  a g a in  m easu red . I f  th e  sam ple i s  homogeneous 
no change  i n  v a p o u r  p r e s s u r e  w i l l  be n o te d  on e x p a n s io n . 
I f *  a s  d i s c u s s e d  i n  r e f .  V I I ,  th e  p ro d u c ts  c o n s i s t  o f  
s e v e r a l  com pounds th e  v ap o u r p re s s u re  w i l l  rem ain  
c o n s ta n t  u n t i l  th e  l i q u i d  o f  h ig h e s t  v apou r p r e s s u r e  
e v a p o r a t e s ,  th e n  c h an g e , on s u c c e s s iv e  ex p an sio n s  
a c c o rd in g  to  th e  change i n  volum e, u n t i l  i t s  v apou r
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i s  c o m p le te ly  rem oved# At t h i s  p o i n t  a  s te a d y  p r e s s u r e  
c a u se d  toy th e  compound o f  n e x t  h i g h e s t  v a p o u r  p r e s s u r e  
w i l l  he  o b s e rv e d .
By o b s e rv in g  th e  num ber o f  e x p a n s io n s  r e q u i r e d  f o r  
e a c h  compound th e  p r o p o r t io n s  o f  each  i n  th e  p ro d u c t  c a n  
b e  d e te rm in e d #
The r e s u l t s  o b ta in e d  by th e  a p p l i c a t i o n  o f  t h i s  
te c h n iq u e  to  th e  v o l a t i l e  p r o d u c ts  from  th e  d e g ra d a t io n  
o f  m e t h a c z y l o - n i t r i l e  a r e  shown i n  T ab le  31*
T a b le  3 1 .
V apour P r e s s u r e  o f  V o l a t i l e  P ro d u c ts  from  P o lym er D e g r a d a t io n *
T e m p e ra tu re  
- 7 0  °C
V apour P r e s s u r e ,  
400 mms C0 2 c o l l e c t e d  p o s s ­
i b l y  from  s m a ll  le a it  
i n  s t i l l  head#
Compound •
25 °C 80 nuns




The v a p o u r  p r e s s u r e !  te m p e ra tu re  c u rv e  f o r  monomer i s  
shown i n  F ig*  34#
99
A f t e r  a  l a r g e  num ber o f  s u c c e s s iv e  e x p a n s io n #  th e  
v a p o u r  p r e s s u r e  re m a in e d  c o n s ta n t  a t  th e  v a lu e  w h ich  
w ould  be e x p e c te d  f o r  p u re  monomer* The i n i t i a l  
h ig h  p r e s s u r e  i s  p ro b a b ly  due to  c a rb o n  d io x id e  
c o l l e c t e d  i n  th e  l a r g e  l i q u i d  a i r  t r a p  1 (F ig*  I )  
from  s m a ll  l e a k s  i n  th e  s t i l l  h e a d . T h is  h ig h  p r e s s u r e  
d o e s  n o t  d i s a p p e a r  a t  s o l i d  CO^ te m p e r a tu r e s .  HGIT 
u n d e r  s i m i l a r  c o n d i t i o n s  a t  -?0 °G  h a s  a  v a p o u r  p r e s s u r e  
o f  1 * 5 8  mms.
From t h i s  v a p o u r  p r e s s u r e  d a t a  i t  i s  c l e a r  t h a t  
th e  v o l a t i l e  m a t e r i a l  p ro d u ced  i s  t o t a l l y  monomer 
w ith  no i n d i c a t i o n  o f  th e  p re s e n c e  o f  HCIT. " When th e  
p r o d u c t  i s  d i s t i l l e d  in to  th e  l i q u i d  a i r  t r a p  4 i n  
f i g u r e  I  and  t e s t e d  w ith  s i l v e r  n i t r a t e  s o l u t i o n  no 
p r e c i p i t a t e  i s  o b ta in e d .  Thus by ch em ic a l a s  w e l l  a s  
v a p o u r  p r e s s u r e  m eth o d s no HCi can  be d e t e c t e d .
Sodium  f u s i o n  t e s t s  on th e  b la c k  i n s o l u b le  r e s id u e  
i n d i c a t e d  th e  p r e s e n c e  o f  n i t r o g e n  and a  c o m p le te  
a n a l y s i s  on th e  m ic ro  s c a le  gave  r e s u l t s  w hich a r e  
shown i n  T ab le  29*
I n a c c u r a c i e s , e s p e c i a l l y  i n  th e  n i t r o g e n  e s t i m a t i o n 9 
a r e  to  be  e x p e c te d  i n  th e  m ic ro  a n a l y s i s  o f  h ig h  
m e l t in g  m a t e r i a l s  and  e v e iy  p r e c a u t io n  p o s s ib l e  was 
ta k e n  d u r in g  th e  e x p e r im e n t .  The r e s id u e  was p re p a re d  
a s  a  f i n e  pow der and th e  tu b e  ta p p e d  d u r in g  th e  c o m b u s tio n .
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T a b le  22 -  A n a ly s is  o f  R e s id u e
P o ly m er • 0  0 H £ H 1o
H e a te d  to  250°G . 67*31 1 3 .3 2 7 .1 6
H e a te d  to  3 0 0 °C* 6 8 .9 1 9 .7 7 .2 6
U ndegraded  P o ly m er, 7 1 .7 2 0 .9 7 .4
I n e o l .  R e s id u e  
3*40
From th e  a n a l y s i s  o f  t h e  p ro d u c ts  i t  i s  c l e a r  t h a t  no 
r e a c t i o n  in v o lv in g  th e  p ro d u c t io n  o f  HCH l e a v in g  a  
c o n ju g a te d  d o u b le  bond p o ly a c e ty le n e  r e s id u e  i s  o c c u r r in g *  
The r e s i d u e  u n d e r  th e s e  c o n d i t i o n s  h a s  th e  same a n a l y s i s  
( w i th in  e x p e r im e n ta l  e r r o r )  a s  th e  o r i g i n a l  polym er*
When a  p o ly m e r sam ple  i s  h e a te d  i n  a i r ,  i n  a  t e s t  
tu b e  o v e r  a  b u n se n  f la m e , a  g a s  i s  p ro d u ced  w hich  tu r n s  
r e d  l i tm u s  p a p e r  b lu e  s u g g e s t in g  t h a t  a t  h ig h e r  te m p e r a tu re s  
ammonia i s  b e in g  p ro d u c e d .
The y i e l d  o f  monomer, m easu red  i n  th e  c a l i b r a t e d  
c a p i l l a r y  tu b e  2 ( P ig .  X) a t  2 5 0 °C ., i s  50-55 /°.
The C o lo u r R e a c t io n .
The c o lo u r  w hich  i s  p ro d u ce d  when th e  p o ly m er i s  
h e a te d  a t  low  te m p e r a tu r e s  was i n v e s t i g a t e d  q u a n t i t a t i v e l y  
by  d e te rm in in g  th e  e x t i n c t i o n  c o e f f i c i e n t  f o r  d i f f e r e n t  
t im e s  o f  h e a t i n g .  An i n i t i a l  i n v e s t i g a t i o n  o f  th e  
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i n  th e  r e g io n  4 ,0 0 0 -5 * 0 0 0  a n g stro m s*  A c c o rd in g ly *  
i n  th e  •S p e k k e r1 m easu rem en ts  o f  th e  o p t i c a l  d e n s i ty  
th e  b lu e - g r e e n  f i l t e r  No. 603 was u se d  w hich  i s  
t r a n s m i t t i n g  l i g h t  o f  t h i s  r e q u i r e d  wave le n g th *
The s o l v e n t  u se d  f o r  th e  r e d  po lym er was ’ a n a l a r 1 
a c e to n e  w hich  h ad  b e en  d i s t i l l e d  th ro u g h  a  g l a s s  s p i r a l  
column* She r e s u l t s  o b ta in e d  and th e  c o n c e n t r a t io n s  
u se d  a r e  shown below  i n  T ab le  30 and sum m arized i n  F ig .  33 . 
The p o ly m e rs  d e n o te d  P ^ f ? 2  ^3 we**e b e n z o y l p e ro x id e
c a ta ly z e d  p r e p a re d  a t  8 0 °C (1 x  2) and 70°C (3 ) r e s p e c t i v e l y .  
They w ere  i s o l a t e d  and t r e a t e d  i n  th e  m anner d e s c r ib e d  
i n  c h a p te r  2 .  The m o le c u la r  w e ig h ts  w ere m easu red  i n  
c y c lo h e x a n o n e  a t  2 7 °C .
Table 3 3 .
P o ly m er, M.W, Tem p.°C. C o n c e n t r a t io n ,  T im e, L o g * ° /I ,  E x t.C o -
e f f t .
p  1 . 54*600 170 0 .2 7 2 8 g / l0 0 c . c .6 0 m in s . 1 .1 9 4 .3 6
ft tt 170 0 .1 9 7 0 ii 90 tt 1 .2 3 6 .2 4
ft tt 170 0 .1 8 5 2 tt 40 it 0 .5 3 3 2 .9 0
It t« 192 0 .0 8 5 7 it 30 tt 0 .8 3 3 9 .7 1
ft it 192 0 .0 4 3 0 it 60 ii 0 .4 9 2 1 1 .6 2
ft n 192 0 .1 7 6 6 tt 174 if 0 .9 0 0 5 .7 0
If » 192 0 .0 9 2 2 n 45 i» 0 .9 5 0 1 0 .0 3
ft tt 160 0 .1 1 5 9 ft 180 ii 1 .0 1 8 .6
tt tt 160 0 .1 2 9 4 it 90 it 0 .5 4 6 4 .2 4
tt it 160 0 .1 1 0 8 h 120 n 0 .7 3 6 6 .5
P 2 . 1 3 0 ,0 0 0 170 0 .1 0 7 3 it 90 n 0 .6 2 5 5 .8 2
tt tt 170 0 .0 9 6 1 tt 40 it 0 .3 8 5 2 .6 4
P 3 . 3 6 ,0 0 0 170 0 .1 4 1 tt 45 n 0 .3 5 2 2 .5
R tt 170 0 .6 8 4 it 180 ii 0 .7 5 0 1 1 .0
It tt 170 0 .0 8 2 8 w 135 « 0 .7 4 5 9 .0
Prom th e  above r e s u l t s  i t  i s  e v id e n t  t h a t  t h e  m o le c u la r  | 
w e ig h t o f  th e  p o ly m er h a s  no e f f e c t  on  th e  r a t e  o f  th e  
c o lo u r  r e a c t i o n .  The p ro d u c t io n  o f  c o lo u r  d e p en d s  on th e  
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m o le c u le s*  Any s u s p ic io n  t h a t  t h e  c o lo u r  i s  due to  a  
change  i n  s t r u c t u r e  a t  t h e  c h a in  e n d s  i s  t h e r e f o r e  
e l im in a te d *
The e n e rg y  o f  a c t i v a t i o n  o f  t h e  c o lo u r  r e a c t i o n  was 
c a l c u l a t e d  from  t h e  r a t e s  a t  th e  t h r e e  te m p e ra tu re s  
shown a b o v e . These  r e s u l t s  a r e  shown i n  T ab le  31 and 
sum m arized  i n  F ig .  3 3 .
*°A , V ® °A . l o g  B ,
m in e .
465 2 .1 4  x  1 0 ” 3  1 .5 7
445 2 .2 6  x  1 <T3  0 .8 4 2
433 2 .3 1 3  x  1 0 “ 3 0 .6 6 0
E » 20*0 k .c a l / m o l .
The c o m p le te  a b s o r p t io n  s p e c t r a  o f  t h r e e  p o ly m er 
sa m p le s  h e a te d  f o r  d i f f e r e n t  l e n g t h s  o f  tim e  a t  1 7 0 ° 0  
w ere  m ea su re d  on th e  •Unicam* u l t r a  v i o l e t  s p e c t r o ­
p h o to m e te r*  The v a lu e s  o f  th e  e x t i n c t i o n  c o e f f i c i e n t s  
w ere  c a l c u l a t e d  from  c o n c e n t r a t i o n  v a lu e s  o f  b a s e  gsu m o l s . /  
l i t r e .  T h ese  c u rv e s  a r e  shown i n  F ig*  34* A b s o rp tio n  
o v e r  a  w id e  ra n g e  o c c u r s  so t h a t  no c o n c lu s io n  can  be 
draw n a b o u t th e  g roup  r e s p o n s i b l e  f o r  th e  p ro d u c t io n  o f  
c o lo u r*
Bate,




B f f o c t  o f  C o lo r a t io n  on M o le c u la r  '" s i g h t .
S in c e  t h e  p o ly m er becam se i n s o l u b le  a t  h ig h e r  
t e m p e r a tu r e s  i t  m ig h t be e x p e c te d  t h a t  th e  p ro d u c t io n  
o f  c o lo u r  was c o n n e c te d  w ith  a  c r o s s  l i n k i n g  r e a c t i o n  
c a u s in g  an  i n c r e a s e  i n  th e  m o le c u la r  w e ig h t*  I n  o r d e r  
to  ch eck  t h i s  th e o r y  sa m p le s  o f  p o ly m er o f  known 
m o le c u la r  w e ig h t  (3 7 ,7 0 0 )  w ere  h e a te d  f o r  d i f f e r e n t  
l e n g t h s  o f  t im e  a t  170°C. and  th e  m o le c u la r  w e ig h t o f  
th e  r e d  p o ly m er m easu red  i n  c y c lo h ex a n o n e  a t  27 °C* The 
r e s u l t s  a r e  shown i n  T a b le  32*
T ab le  3 5 *
Time H eated*
I I
T T -0 M ol. Wt. Temp*
0 6 * 6 8 3 7 ,7 0 0 1 7 0 ° 0 .
90  m ins* 6 .4 1 3 9 ,4 0 0 1 7 0 °C .
5 i  h o u r s 6 .3 6 3 9 ,6 0 0 170°C .
6  h o u r s 6 .3 6 3 9 ,6 0 0 170*0 *
Prom th e  d a t a  shown above i t  i s  e v id e n t  t h a t  n© 
m arked  in c r e a s e  i n  m o le c u la r  w e ig h t o c c u rs  a s  th e  
c o lo u r  r e a c t i o n  p ro c e e d s*  The s l i g h t  i n c r e a s e  w hich 
i s  shown i s  p ro b a b ly  due to  a  c r o s s - l i n k i n g  r e a c t i o n  
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(d ) Pr o d u c t i on o f  Monomer
K ern  and  Perow  (X I) r e p o r t e d  80$ y i e l d  o f  monomer 
a t  250°C . U nder th e  c o n d i t io n s  o f  vacuo  and  c a r e f u l  
te m p e r a tu re  c o n t r o l  em ployed in  t h e s e  e x p e r im e n ta l  
t e c h n iq u e s  50$ monomer i s  r e c o v e r a b le  a t  250°G* The 
r a t e ,  m ea su re d  on th e  p i r a n i* d e c r e a s e s  u n ifo rm ly  to  
z e ro  a t  50$  d e g r a d a t io n  a t  2 5 0 ° C .^ s  th e  te m p e ra tu re  i s  
r a i s e d ,  m ore monomer i s  p ro d u ce d  b u t  r a t e  m easu rem en ts  
a r e  c o m p lic a te d  by th e  p r o d u c t io n  o f  a  v o l a t i l e  m a t e r i a l  
w h ich  d o e s  n o t  c o n d en se  e f f e c t i v e l y  i n  l i q u i d  a i r *
The te m p e r a tu re s  and vo lum es o b ta in e d  a r e  shown i n  
T a b le  3 6 ,
Temp*°C $  Monomer* P o ly m er.
250 50$ M.W. 5 3 ,5 0 0
The e n e rg y  o f  a c t i v a t i o n  o f  th e  monomer r e a c t i o n  
w as m easu red  by f i n d in g  th e  r a t e s  a t  v a r io u s  te m p e r a tu re s  
from  th e  p i r a n i  gauge* T h is  d a ta  i s  shown i n  Table 37 









o f Aetivation o f  3r0<tagtlon
0  7
2 0
Table 36. -  Energy o f  A ctivation  o f  Monomer R eaction , .
T e m p e ra tu re  * 
T°C. T°A .
l /T  x  1 0 3- «Rate* o 
V* - .V o *  
Vo 2
Log R x
260 533 1*87 1 .3 9 1 .1 4 3
2 5 6 529 1 .8 9 5 1 .2 4 1 .0 9 3
251 524 1 .9 1 6 0 .7 6 8 0*885
2 5 0 523 1 .9 1 8 0 .6 5 4 0 .8 1 6
246 519 * .9 3 1 0 .4 9 3 9*693
E n erg y  o f  A c t iv a t io n  *  24*2 k . c a l s / m o l .
R e a c t io n  a t  H igh T e m p e ra tu r e s ,
When th e  te m p e ra tu re  g o e s  above 300° a p r e s s u r e  
r e g i s t e r s  on th e  p i r a n i  a l th o u g h  no f u r t h e r  y i e l d  o f  
monomer i s  o b t a i n a b l e .  When th e  p r o d u c ts  a r e  d i s t i l l e d  
i n t o  l i q u i d  a i r  t r a p  4  c o n ta in in g  w a te r  and th e n  t e s t e d  
w i th  H e s s le r * s  s o l u t io n ,  p r e p a re d  a s  d e s c r ib e d  i n  c h a p te r  
2 ,  th e  c h a r a c t e r i s t i c  brow n c o l o r a t i o n  p ro d u c e d  by  
ammonia a p p e a rs*
She r a t e  o f  p r o d u c t io n  o f  v o l a t i l e  m a t e r i a l  a t  h ig h  
te m p e r a tu r e s  w as m easu red  by  o b s e rv in g  th e  ehange  i n  
p r e s s u r e  i n s i d e  th e  s t i l l  and th e  e n e rg y  o f  a c t i v a t i o n  







1  /  3T em p era tu re#  / $  x  10< 2 H a te  2 Log 1  at 10*
V  -  Vo
t°c. o.’°a. “^2 •
3X2 5 8 1  1 .7 2 5  .9 5 2  9 7 8 6
283 556 1 .7 9 5  .1 6 4  2 1 4 8
296 570 1 .7 6 0  .3 9 1  5922
Prom th e s e  r e s u l t s  am en e rg y  o f  a c t i v a t i o n  c u rv e  was 
draw n and  I s  shown i n  F ig*  3 6 #
E ** 67  k*cal& /m ol#
Ammonia e s t im a t i o n s  w ere c a r r i e d  o u t  u s in g  K e s s le r * s  
s o l u t i o n  a s  d e s c r ib e d  e a r l i e r #
The r e s u l t s  a r e  shown i n  T a b le  38*
H a t* . l o g  H x  10? T°A. 1 /E °A x l0 5.
4 . 2 0 x1 0 "”^ g a s / 1 0 0  m in e . 0 .6 2 3  573 1 .7 3 9
1 . 0 3 x l 0“ 5 * 0 .1 2 8  563 1 .7 8 9
2 . 1  x io ” 5 " 0 .3 2 2  567 1 .7 6 5
E *  53 k * c a ls /m o l*
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T lte re  I s  some doubji ©bout th e  a b s o lu te  v a l i d i t y  o f  
th e s e  r e  s t i l t s  s in c e  i t  was s u s p e c te d  t h a t  ammonia i s  n o t  
b e in g  e f f e c t i v e l y  co n d en sed  i n  l i q u i d  a i r  i n  th e  
a p p a r a tu s  u s e d .  A m o d if i c a t io n  w here th e  r e a c t i o n  i s  
c a r r i e d  o u t  i n  a  c lo s e d  sy stem  w i th  a  s e r i e s  of l i q u i d  
a i r  t r a p s  i s  p ro b a b ly  r e q u ir e d *
I n  c o n c lu s io n  t h e r e f o r e ,  th e  th e rm a l d e g r a d a t io n  
o f  p o l y m e t h a e r y l o - n i t r i l e  p ro b a b ly  c o n s i s t s  o f  a  num ber 
o f  a p p a r e n t l y  q u i t e  d i s t i n c t  p r o c e s s e s .  Monomer i s  
p ro b a b ly  p ro d u c e d  by a  m echanism  o f  a  s i m i l a r  ty p e  to  
m e th y l m e th a c r y la t e  b u t  on th e  s u r f a c e  th e  r e a c t i o n  
p r o d u c in g  c o lo u r ,  monomer and ammonia a r e  n o t  co n n ec ted *  
The e n e r g i e s  o f  a c t i v a t i o n  h av e  b een  d e te rm in e d  f o r  e ach  
ty p e  o f  r e a c t i o n  b u t  t h e r e  i s  no c o r r e l a t i o n  be tw een  
any p a i r  o f  them . I t  i s  n o t  im m e d ia te ly  o b v io u s  
how any m ore in f o r m a t io n  a b o u t t h i s  r e a c t i o n  c a n  be  
o b ta in e d  from  th e  p u re  po lym er and one o f  th e  m o st h o p e fu l  
a p p ro a c h e s  w ould a p p e a r  to  be an  e x a m in a tio n  o f  c a r e f u l l y  
p r e p a r e d  c o -p o ly m e rs  w here  th e  num ber and  l e n g th  o f  th e  
m e t h a c r y l o - n i t r i l e  u n i t  se q u e n c e s  a r e  a c c u r a t e ly  fcnown*
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Ch a p t e r  W i l t .
C o n c lu s io n s  and  Summary o f  W ork.
The w ork d i s c u s s e d  i n  t h i s  t h e s i s  may be sum m arised  
u n d e r  two h e a d i n g s -
(A) By an  e x te n s io n  o f  p r e v io u s  d e g r a d a t io n  w ork to  
t r a n s f e r r e d  p o ly m e rs  i t  h a s  b een  shown t h a t  o f  th e  two 
ty p e s  o f  end  g ro u p s  p ro d u ced  by th e  d i s p r o p o r t i o n a t i o n  
o f  two g ro w in g  r a d i c a l s  i n  th e  p o ly m e r iz a t io n  o f  m e th y l 
m e th a c r y la t e  th e  s p e c ie s  p o s s e s s in g  th e  d o u b le  bond 
end s t r u c t u r e  i s  l e a s t  s ta b le *
I f  t e r m in a t io n  o c c u rs  by d i s p r o p o r t i o n a t i o n  and 
t r a n s f e r  by a b s t r a c t i o n  o f  a  h y d ro g en  atom  from  a  
b e n z e n e  m o le c u le  l e a v in g  a  p h e n y l g roup  to  i n i t i a t e  
a  new c h a in  i t  i s  shown t h a t  th e  r e l a t i v e  p r o p o r t io n s  
o f  s i n g l e  and d o u b le  bond en d s can  be c a l c u l a t e d  from  
m o le c u la r  w e ig h t and c o n c e n t r a t io n  d a ta .  T hese 
c a l c u l a t e d  v a lu e s  w ere found  to  be i n  good a g re em e n t 
w i th  v a lu e s  c a l c u l a t e d  from  i n i t i a l  r a t e s  o f  d e g ra d a t io n  
and  from  th e  am ount o f  d e g ra d a b le  m a te r i a l  a t  d i f f e r e n t  
t e m p e r a tu r e s .  T hese  r e s u l t s  a r e  a  good ch eck  on th e  
p o s t u l a t e d  t h e o r i e s  o f  t e r m in a t io n  and t r a n s f e r  and  th e  
r e s u l t s  c a n n o t be  e x p la in e d  by any o th e r  m echanism .
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(£ )  The w ork th e n  moved to  a c o n s id e r a t i o n  o f  th e  
d e g r a d a t io n  o f  ;o ly m e th a c r y lo ~ n i t r i l e  b u t  a s  no 
d e t a i l s  o f  th e  p o ly m e r iz a t io n  p r o c e s s  w ere  a v a i l a b l e  
th e  k i n e t i c  c o n s t a n t s  w ere f i r s t  d e te rm in e d . I n  t h i s  
w ork th e  v a lu e s  o f  t h e  p ro p o g a t io n ,  t r a n s f e r  and 
t e r m in a t io n  c o n s t a n t s  w ere  e v a lu a te d  to g e th e r  w i th  th e  
a p p r o p r i a t e  e n e r g i e s  o f  a c t i v a t i o n  and te m p e ra tu re  
in d e p e n d e n t  f a c t o r s .
In  t h e s e  e x p e r im e n t s , in  w h ich  m o le c u la r  w e ig h t
m ea su re m e n ts  w ere r e q u ir e d ,s o m e  i n t e r e s t i n g  o sm o tic
phenom ena w ere  e n c o u n te re d .  When m e th y l e th y l
TTk e to n e  was u s e d  a s  s o lv e n t  S sh ap ed  / C j C c u rv e s  
w ere  o b t a in e d .  I h e s e  a r e  e x p la in e d  i n  te rm s  o f  
p o ly m er s o lv e n t  and p o ly m er -  p o ly m er a t t r a c t i o n .
F u r th e r  i n v e s t i g a t i o n  showed t h a t  cy c lo h ex an o n e  i s  a  
c o m p le te ly  s a t i s f a c t o r y  s o lv e n t  f o r  o sm o tic  m ea su re m e n ts .
The th e rm a l  d e g r a d a t io n  r e a c t i o n  o f  p o ly m e th a c ry lo -  
n i t r i l e  w as fo u n d  to  be  d i f f e r e n t  from  th e  g e n e r a l  ty p e  
o f  d e g r a d a t io n  r e a c t i o n  a l r e a d y  d i s c u s s e d  i n  th e  
l i t e r a t u r e .  A t te m p e r a tu r e s  below  t h a t  a t  w hich  monomer 
i s  p ro d u c e d  th e  po lym er g r a d u a l ly  became red *  f h i s  
c o lo u r  r e a c t i o n  was i n v e s t i g a t e d  q u a n t i t a t i v e l y  a s  was 
th e  p r o d u c t io n  o f  monomer w hich  t a k e s  p la c e  a t  h ig h e r
te m p e ra tu re s #
Above 300 °Q ammonia a p p e a rs  i n  sm a ll  q u a n t i t i e s  
and  t h i s  r e a o t i o n  i s  a ls o  d is c u s s e d #  An e x te n s io n  
o f  t h i s  w ork to  in c lu d e  co p o ly m ers  w ith  m e th y l 
m e th a c r y la t e  i s  f i n a l l y  su g g e s te d *
B eferenoejB .
I  J e l l i n e k ,  J .  P o ly m er S c i . ,  1 3 ,  1949*
I I  J e l l i n e k ,  T rane* F a rad a y  S o c . ,  jyD, 2 6 6 , 1954*
I I I  J e l l i n e k ,  J .  P o lym er S c i* f 850 ,1948*
IT  J e l l 1n e k , T rans*  F a rad a y  S o c . , 4 4 * 3 4 5 , 1948*
V J e l l i n e k ,  J* P o lym er S c i . , £ 9 1 3 ,  1949*
VI G r a s s ie  & M e l v i l l e ,  P roc* Roy* S o c* , A199* 1 ,  1949*
V II G ra ss !© , T rans*  F a rad a y  S o c* , ,£8 ,  3 7 9 , 1952*
T i l l  G r a s s i e ,  i b i d ,  Q3 5 , 1 9 53 .
IX G r a s s i e ,  J .  Soc* Chem. I n d . ,  6 2 2 , 1953*
X G ra s s ie  & M athew son, U n p u b lish e d  R e s u l t s .
XI K ern  and Ferow , J .  P ra k t*  Chem*, 1 6 , 2 9 6 , 1942*
X II Cowley & M e l v i l l e ,  P ro c . Roy. S o c . ,  A210* 4 6 1 , 1 9 .
X I I I  M asson & M e l v i l l e ,  J .  P o lym er S c i . ,  £ ,  3 2 5 , 1949*
XIV L e ig h to n  & F o rb e s ,  J .  Amer. Chem. S o c . ,  £ 2 ,  3 1 3 9 , 1 9 3 0 .
XV H e id t  & D a n ie l s ,  i b i d ,  £ 2 ,  5 3 09 , 1 930 .
XVI F o rb e s  & H e id t ,  i b i d ,  5£, 2384 , 1 9 3 2 .
XVII B u r n e t t  & M e l v i l l e ,  P ro c .  Roy. S o c . ,  A189. 4 5 6 , 1947*
X V III H&ward, T ra n s .  F a rad a y  S o c . ,  4 £ , 2 04 , 1950 .
XIX B a x e n d a le , E vans and  P a rk , i b i d ,  4 2 , 1 5 5 , 1 9 4 6 .
XX B a x e n d a le , By w a te r  & E v an s , J .  P o lym er S c i* ,  2 3 7 , 1946
XXI B ic k e l  & Waters?^ R ec . Trav* C h im ., 6 9 , 312 , 1950*
XXII M arvel & D enoon, J .  Amer. Chem. S o c . ,  6 0 , 1 0 4 5 , 1 9 5 8 .
R e fe re n c e s  e o n td .
«**•> *m*»- T i n n i ••. i tHWi' i m0m » m wwwil»»
X X III M arv e l & R id d le ,  i b i d ,  6 2 , 2 6 6 6 , 1 9 4 0 .
XXIV B e a fo rd  & D ew ar, P a r .  S o e . D i s c . ,  2 ,  3 1 0 , 1 9 4 7 .
XXV B em ford , i b i d ,  2 ,  4 0 1 , 1947 .
XXVI V a le n t in e  & M e l v i l l e ,  T rans*  F a rad ay  S o c . ,  4 6 1 2 1 0 ,
1950*
i
XXVII V a le n t in e ,  B o n s a l l  & M e l v i l l e ,  T r a n s .  F a rad ay  S o e . ,
4 2 •  4 1 1 , 1 9 53 .
XXVIII B rad b u ry  & M e l v i l l e ,  P ro c .  Roy. S o c . ,  A122. 4 5 8 , 1 9 5 4 .
XXIX B o n s a l l ,  V a le n t in e  & M e l v i l l e ,  J .  Po lym er S c i . ,  J t
3 9 , 1 9 51 .
XXX B a r n e t t  & V aughan, J .  P h y s . C hem ., Jg l, 9 2 6 , 1947*
XXXI MacKay & M e l v i l l e ,  T ra n s .  F a rad a y  S o c . ,  4 J ,  3 2 3 , 1 9 4 9 .
XXXII M a th eso n , A u e r, B e v ila q u a  & H a r t ,  J .  Amer. Chem. S o c . ,
2 1 ,  4 9 7 , 1 9 4 9 .
X X XIII W elsh & C lem o, J .  Chem. S o c . ,  1 3 1 , 2 6 2 9 , 1 9 2 8 .
XXXIV T o rm sd o rf , B .I .O .S .  R e p o r t Ho. 363 Item  2 2 .
XXXV C r a s a i e ,  J .  P o lym er S c i . ,  , 6 4 3 , 1 9 5 1 .
XXXVI In n o u e , J .  Chem. S o c . I n d .  J a p a n , 4 6 , 2 9 7 , 1 9 4 3 .
XXXVII H u g g in s , I n d .  Eng. C hem ., 3 £ , 2 1 6 , 9 8 0 , 1 9 4 3 .
XXXVIII R othm und, Z. P h y s ic .  C hem ., 2(5, 4 3 3 , 1898 .
XXXIX B o ty , J .  Amer. Chem. S o c . ,  6 9 . 1 6 3 1 , 1947* \
XL S t e u r e r ,  Z. P h y s ic .  C hem ., 1 9 0 . 1 ,  1 9 4 2 .
XLI M organw etz & Cobram, J .  Polym er S c i* ,  1 2 , 1 3 3 , 1 9 5 4 . j
R e fe re n c e s  c o n td .
l i  iH fcn<— 1*1 »i—  i i  w ’n w <m- r i . w i — im — * »
X LII B e v in g to n ,  M e lv i l le  & T a y lo r ,  i b i d ,  1 2 , 4 4 9 , 1954*
X L III N ozak i & B a r t l e t t ,  J ,  Amer. Chem. S o c . ,  6 8 , 1 4 9 5 ,1 9 4 6
XLIV P i e l i t e r  & S e h w e id e r , H e lv . Chim. A c ta , 2 ,  1 4 4 , 1 9 2 6 .
XLV Bawn & M e l l i s h ,  T ra n s .  F a rad a y  S o c . ,  £ £ ,  1 2 1 7 , 1951*
XLVI H artm an , S e l l a r s  & T u r n b u l l ,  J .  Amer. Chem. S o c . ,
6 2 , 2 4 1 6 , 1 9 4 7 .
XLVII B ic k e l  & M e l v i l l e ,  T ra n s . F a rad ay  S o e . ,  4£, 1 0 4 9 ,1 9 4 8
X LV III J o h n s to n e  & T o b o ls k y , J .  Amer. Chem. S o c . ,  2 £ t  9 3 8 ,
1 9 3 2 .
XLIX Mayo, Or egg & M ath eso n , i b i d ,  22» 1 6 9 1 , 1 9 5 1 .
B a y e a l l  & T o b o ls k y , J .  Polym er S c i . ,  5 2 9 , 1 9 5 2 .
L I Jo n e s  & M e l v i l l e ,  P ro c . Roy. S o c . ,  A175. 3 9 2 , 1 9 4 0 .
L I I  M e lv i l l e  & W atson , T ra n s . F a ra d a y  S o c . ,  4 4 . 8 6 6 , 1948
L I I I  B u r n e t t  & M e l v i l l e ,  N a tu re , 1 5 6 . 6 6 1 , 1945*
LIV FOQrd, J .  Chem. S o c . ,  1 4 5 . 4 8 , 1 9 4 0 .
LV M a th eso n , A u e r, B e v ila q u a  & H a r t ,  J .  Amer. Chem. S oc .
2 2 ,  1 7 0 0 , 1 9 5 1 .
LVI B am ford & D ew ar, P ro c . Roy. S o c . ,  A192, 3 0 9 , 1 9 4 8 .
L V II B u r n e t t ,  T ra n s .  F a ra d a y  S o c . ,  4 6 . 7 2 2 , 1 9 5 0 .
L V III M e lv i l l e  & V a le n t in e ,  P r o c .  Roy. S o c . ,  A192, 3 5 6 ,1949
LIX C hinm ayanandan & M e l v i l l e ,  i b i d ,  5 0 . 7 8 , 1 9 5 4 .
LX B a r t l e t t  & S w ain , J .  Amer. Chem. S o c . ,  6 8 ,  2 3 8 1 ,1 9 4 6 .
LXI B u r n e t t ,  T ra n s .  F a r .  S o e . ,  4 6 ,  7 7 2 , 1950 .
L X II B a r t l e t t ,  Sm ith  & K w art, J .  Amer. Chem. S o e . , 2 * .
1 0 6 0 , 1 9 5 0 .
L X III  D ix o n -L e w is , P ro c . Roy. S o e . ,  A lg8 ,  5 1 0 , 1949*
LXIV B ic k e l  & M e l v i l l e ,  T ra n s . F a ra d a y  S o e . ,  4 5 . 1 0 4 9 , 1949*
LXV B u r n e t t  & W rig h t, P r o c .  Roy. S o c . ,  A221, 4 1 , 1 9 5 4 .
LXVI B u r n e t t ,  iivans & M e l v i l l e ,  I r a n  s .  F a ra d a y  S o c . ,
4 2 ,  H 0 5 ,  1 9 5 3 .
LXVI I  B u r n e t t ,  Q u a r t.  R e v .,  ± 9 2 9 3 , 1 9 5 0 .
LX V III B u r n e t t ,  J* P o lym er S c i . ,  12 ., 4 1 7 , 1 954 .
LXIX B u r n e t t ,  Chem. R e v .,  j54, 2 2 6 , 1 9 5 4 .
LXX B am ford & D ew ar, P roc*  Roy. S o c . ,  A197. 3 5 6 , 1 9 4 9 .
LXXX A r n e t t ,  «T. Amer. Chem. S o c . ,  7 £ , 2027 , 1 9 52 .
LXXII B u r n e t t  & M e l v i l l e ,  T ra n s . F a ra d a y  S o c . ,  4 6 » 9 7 6 ,1 9 5 0 .
LXXXII C o l in s o n , D a in to n  & I v i n ,  Ann. R ep* , j>0, 5 9 , 1953*
